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STUDIES ON ACTIVATED CHEMISORPTION*
By Charles N. Stewart^ and Gert E h r lich  
Coordinated Science L a b o ra to ry ! ,  Department o f  M etallurgy, 
and Department o f  Physics  
U n ivers ity  o f  I l l i n o i s  a t  Urbana-Champaign 
Urbana, I l l i n o i s  61801
ABSTRACT
Chemisorption o f  methane has been examined on h igh ly  p e r f e c t  
rhodium surfaces  by a com bination o f  f i e l d  em ission  and m olecular beam 
techniques in order to  exp lore  the mechanism o f  a c t i v a t i o n .  I t  has been 
found that d i s s o c ia t iv e  ad sorp t ion  can be in i t i a t e d  on rhodium a t  245 K 
ju s t  by e x c i t a t i o n  o f  the gas. Q uantitative  rate stu d ies  as a fu n ction  
o f  gas temperature have e s ta b l is h e d  that the CH^  m olecule must overcome 
an a c t iv a t i o n  b a r r ie r  o f  7 k ca l  mole  ^ f o r  r e a c t io n  to o ccu r .  For gas 
temperatures 600 < T < 710, the e f f i c i e n c y  o f  chem isorption  per impact
V j
is  a t  le a s t  an order o f  magnitude sm aller  f o r  CD. than f o r  CH, , and a4 4
f a c t o r  o f  «a 3 sm aller  f o r  CH2D2 . This suggests that t r a n s la t io n a l  and 
r o t a t i o n a l  motion are not d i r e c t l y  involved  in passing over the b a r r ie r .  
V ib ra t io n a l  e x c i t a t i o n  o f  methane m olecules appears to be the s i g n i f i c a n t  
step  in the re a c t io n  at the s u r fa c e .  T ra n s it io n  s ta te  theory f a i l s  to  
account f o r  the s i g n i f i c a n t l y  sm aller  rates  observed f o r  CD  ^ than fo r  
CH^. However, S l a t e r 's  dynamical model o f  unim olecular re a c t io n s  leads 
to  a s iz a b le  iso tope  e f f e c t  f o r  the rate o f  d i s s o c ia t i o n ,  and the 
sem i-q u an t ita t iv e  data p resen t ly  a v a i la b le  are b est  exp la in ed  by h is
mode 1 .
1INTRODUCTION
One o f  the important p ro p e r t ie s  o f  metal su rfaces  is  th e ir  a b i l i t y
to  bring  about rapid  d is ru p t io n  o f  chem ical bonds in adsorbed gases.
Reactions between molecules in the gas phase g e n e ra l ly  occu r  a t  e lev a ted
temperatures and involve  large a c t iv a t i o n  e n e rg ie s .  In c o n t r a s t ,  even
a t  room temperature, d iatom ic m olecules d is s o c ia t e  ra p id ly  on t r a n s i t io n
m etals , a t  rates comparable to  the supply from gas phase»
Although a d sorp t ion  on s in g le  c r y s t a l  planes has by now been examined 
1
qu ite  c a r e f u l ly ,  the atomic mechanism by which d i s s o c ia t io n  occurs 
is  s t i l l  in need o f  study. There is  not as yet  a genera l understanding 
of the ease o f  m olecular d i s s o c ia t i o n  on m eta ls ,  or o f  the e l e c t r o n i c  
and s t r u c tu r a l  fea tu res  o f  the su rface  that a f f e c t  i t .  However, i t  
does appear that on the t r a n s i t io n  metals no s i g n i f i c a n t  a c t iv a t i o n  
b a r r ie r  hinders d i s s o c ia t iv e  ad sorp t ion  of d ia tom ics .  On tungsten,
f o r  example, chem isorption  has been reported  below 20 K fo r  m olecular
2 3hydrogen and below 77 K f o r  n itrog en .
S t i l l  there are a few w e ll  documented systems in which d i s s o c ia t iv e
ad sorp t ion  occurs only a f t e r  a s i g n i f i c a n t  a c t iv a t i o n  b a r r ie r  is  ov er -
4
come. Chemisorption o f  m olecular hydrogen on copper, a weakly 
exotherm ic process  with a heat o f  a d sorp t ion  o f  8 k ca l  mole \  
in vo lves  an a c t iv a t i o n  energy o f  5 k ca l mole \  A dsorption  o f  hydro­
gen on the other noble m eta ls ,  s i l v e r  and g o ld ,  seems to  f o l l o w  th is  
p a ttern .^  So fa r  these are the only examples o f  a c t iv a te d  chem isorp­
t io n  f o r  d iatomic m olecules on a m etal, but fo r  more com plicated  mole­
cu le s  th is  seems, to  be the ru le  rather than the e x ce p t io n .
2The in te r a c t io n  o f  saturated  hydrocarbons, e s p e c ia l l y  o f  methane
£
and ethane, with metal su rfaces  has been examined e x te n s iv e ly .  For 
these gases i t  is  c le a r  that chem isorption  occurs s lo w ly ,  via a thermally
a c t iv a te d  process and that re a c t io n  can be brought about ju s t  by heating
7
the s o l i d .  The mechanism o f  th is  p rocess  is  not c l e a r ,  however. As 
a f i r s t  step  toward a b e t te r  understanding o f  how such molecules 
d i s s o c ia t e  on a c r y s t a l ,  and o f  the fa c t o r s  that d i f f e r e n t i a t e  them 
from diatom ic gases , we have examined two in te r r e la te d  questions 
concerning the d i s s o c ia t iv e  a d sorp t ion  o f  simple a lkanes;
1. Can the re a c t io n  be in i t i a t e d  by a c t iv a t i o n  o f  the gas, or must 
the s o l i d  a l s o  be e x c i t e d  in order to i n i t i a t e  chem isorption?
2, What elementary e x c i t a t i o n s  are involved  in d i s s o c ia t i o n  at a 
su rface?
In approaching both problems we have r e l i e d  on m olecular beam 
techn iques. The o v e r a l l  idea is  sim ple: by changing the parameters
o f  the two rea ct in g  partners independently , i t  is  p o s s ib le  to  determine 
the a c t iv a t i o n  process  f o r  each. Q uantitative  rate measurements should 
then provide an in d ic a t io n  o f  the degrees of freedom that con tr ib u te  
to  the r e a c t io n .  The execu tion  o f such a program is  d i f f i c u l t ,  
however, as the e f f i c i e n c y  o f  a c t iv a te d  chem isorption  is  small compared 
to  that o f  r e a c t io n s  in v o lv in g  re s id u a ls  present even under u ltrah igh  
vacuum c o n d it io n s .  Much depends upon the proper ch o ice  o f  the system 
to be s tu d ied ,  and upon the experim ental techniques employed.
In the next s e c t io n  we th e re fo re  sketch the background to  such 
stu d ies  and the methods adopted f o r  th is  in v e s t ig a t io n .  The re s u lts  
o f  our experim ental program are presented in S ect ion  I I .  These
provide an immediate answer to the f i r s t  o f  the two questions we have 
posed; however, in form ation  about the elementary e x c i t a t io n s  in a c t iv a te d  
ad sorp t ion  can only be obtained i n d i r e c t l y .  This is done in S ect ion  I I I  
o f  th is  paper, in which d i f f e r e n t  models f o r  d i s s o c ia t iv e  chem isorption  
are presented and analyzed.
I .  EXPERIMENTS: PLAN AND IMPLEMENTATION
A. Choice o f  System
R e a c t iv i ty  with metal su rfaces  increases  in going from methane to
6
the h igher hydrocarbons. Methane thus appears id e a l .  I t s  s im p l i c i t y  
a f fo r d s  hope f o r  t h e o r e t i c a l  a n a ly s is  o f  the a c t iv a t io n  process 
in a d so rp t io n ;  i t s  lack o f  r e a c t i v i t y  a llow s  p u r i f i c a t i o n  by s e l e c t i v e
g
g e t t e r in g .  U nfortu nate ly , the data a v a i la b le  on the in te r a c t io n  o f
CH^  with metals is  mostly q u a l i t a t iv e  and o fte n  c o n f l i c t i n g .
9
Kubokawa stu d ied  adsorp t ion  o f  methane on a reduced n ic k e l  oxide 
c a t a ly s t  and found an a c t iv a t i o n  energy o f  7 k ca l mole \  More r e f in e d  
experiments were done by K em ball^  on evaporated n ic k e l  f i lm s .  From 
the v a r ia t io n  in the rate as the temperature o f  gas and f i lm  were changed
he deduced an a c t iv a t i o n  energy o f  11 kca l mole Later work by
11 -1W right, Ashmore, and Kemball y ie ld e d  a value o f  10 kca l  mole
Severa l surveys have been made s in c e ,  but no c le a r  pattern  f o r  r e a c t i v i t y  
on d i f f e r e n t  metals has emerged. Quite the con trary :  many o f  the
r e s u l t s ,  summarized by Anderson and Baker, are c o n f l i c t i n g .  For 
n ick e l  f i lm s  a t  le a s t  there is  agreement that in te r a c t io n  with methane 
is  s low . However, s tu d ies  under good vacuum co n d it io n s  show con s id erab le
-  4 -
12 13v a r ia t io n  in beh av io r .  Suhrmann, Busse, and Wedler * measured the
p h o t o - e l e c t r i c  work fu n c t io n ,  as w e l l  as re s is ta n ce  changes, during
methane a d sorp t ion  on n ic k e l  f i lm s  a t  temperatures from 77 K to
473 K. Some o f  t h e ir  high temperature data are r e p lo t t e d  in F ig .  1
and y ie ld  an approximate a c t iv a t io n  energy o f  7 k ca l  mole  ^ f o r  the
14chem isorption  s te p .  In the work o f  Baker and H oveling , however, an 
unusually low frequency f a c t o r  rather than a high b a r r ie r  was thought 
to be resp on s ib le  f o r  the low rate o f  adsorp t ion  a c t u a l ly  observed .
On the con trary ,  LEED measurements on s in g le  c r y s t a l  planes o f  n ic k e l  
suggested rapid a d sorp t ion  o f  methane even a t  room te m p e ra tu re s .^
These re s u lt s  have r e c e n t ly  been a t t r ib u te d  to  e le c t r o n  bombardment 
e x c i t a t i o n  o f  the gas ; they are c e r t a in ly  not in d ic a t iv e  o f  ordinary 
thermal beh av ior .
The s i tu a t io n  is  not much b e t t e r  f o r  tungsten, another much
11 16stud ied  m a ter ia l .  Both Wright e t  a l .  1 and Trapnell  reported  adsorp t ion
on f i lm s  a t  room temperature, fa s t  by the standards o f  th e ir  p e r io d ,
that i s ,  complete in le s s  than a minute a t  pressures in the micron range.
Rye and Hansen, working under u ltrah igh  vacuum c o n d i t io n s ,  found that
hydrogen was ev o lved  on h ea t in g  tungsten on which methane has p re v io u s ly
been p h y s ic a l ly  adsorbed. They took th is  as an in d ic a t io n  that the
methane decomposed on the s u r fa c e .  This is  a ls o  the co n c lu s io n  o f  
18H ellw ig , who examined the in te r a c t io n  o f  methane with tungsten in the
f i e l d  em ission m icroscop e . However, these stu d ies  cou ld  w e l l  have been a f fe c te d
by e le c t r o n  induced fragm entation o f  the methane. In separate in v e s -
19
t ig a t io n s  in the f i e l d  em ission m icroscope , by Ermrich and more
20e x te n s iv e ly  by Madey and Y ates , no d i s s o c ia t iv e  adsorp t ion  o f  methane
- 5 -
F ig .  1. Chemisorption k in e t i c s  f o r  CH  ^ on n i c k e l  f i lm s ,  as measured by
Suhrmann (r e fe re n c e  12 ) .  Rates deduced from re s is ta n ce  changes,
AR, A c t iv a t io n  e n e rg ie s :  upper cu rve ,  E = 7.1  k ca l  mole ^;
-1  Alower cu rve ,  E. = 7 .7  kca l mole * A
6has been found on tungsten a t  room temperature. F lash d esorp t ion  and
20work fu n c t ion  s tu d ies  on m acroscopic  ( 100) p lanes co rrob ora ted  the
absence o f  rapid chem isorption  a t  surface  temperatures up to  1000 K.
18 2A ft e r  very high exposures to  methane ( > 5 x 10 m olecules cm" ) ,
21Hopkins and Shah did f in d  chem isorption  on the (100) o f  tungsten 
a t  300 K, but these measurements a l s o  p o in t  to  a very low p r o b a b i l i t y  
f o r  chem isorption .
Despite d i f fe r e n c e s  between the various in v e s t ig a t io n s ,  a d sorp t ion
of methane on n ic k e l  d e f i n i t e l y  appears a c t iv a t e d .  As such th is  system
would a f f o r d  a good s ta r t in g  po in t  f o r  studying the mechanism o f  chemi-
22s o r p t io n .  However, n i c k e l  is  not easy to  c le a n .  We have th e re fo re
s e le c t e d  another, somewhat s im ila r  fa c e -c e n te r e d  cu b ic  m etal— rhodium.
/ o qA ccord ing  to  Frennet and L ienard , a d sorp t ion  o f  methane on rhodium is
slow a t  273 K and proceeds w ithout e v o lu t io n  o f  H2 , 2Zh making i t  su ita b le
f o r  s tu d ies  o f  the a c t iv a t i o n  s te p .  ' I t  has a d d it io n a l  in t e r e s t ,  o f
25co u rse ,  f o r  i t s  high a c t i v i t y  in c a t a ly t i c  p ro c e s s e s .
B. Experimental Methods
To examine adsorp t ion  from a m olecular beam o f  methane we must
determine the amount o f  gas on the rhodium surface  as the exposure to
the beam is  in creased . Without a c t iv a t i o n ,  however, we expect  no
r e a c t io n .  Thus the technique f o r  measuring surface  con cen tra t ion  must
not i t s e l f  cause an e x c i t a t i o n  that cou ld  induce r e a c t io n  with the
26 1s u r fa c e .  The standard methods, such as LEED, f la s h  d e so rp t io n ,
26or Auger a n a ly s is ,  a l l  depend upon high temperature e l e c t r o n  sou rces ,
which d i s s o c ia t e  methane in to  re a c t iv e  fragments. In d ic a t io n s  o f  such
£
an e f f e c t  have a lready  been g iven .
7This leaves f o r  co n s id e r a t io n  measurements o f  work fu n c t io n  changes.
Gas at a surface  is  expected  to  be p o la r iz e d ;  i f  each o f  the n m olecular
fragments present has a d ip o le  M, the work fu n c t io n  is  changed from
that o f  the c lean  surface  by an amount A0 = 4nnM. The K elv in  con ta ct
27
p o t e n t ia l  technique is  by fa r  the best f o r  measuring such changes.
I t  does not perturb  the system, and changes in the work fu n c t io n  down
28to \ mV have been d e tec ted  r o u t in e ly .  However, the i n i t i a l  c le a n l in e s s
o f  the c r y s t a l  su rface  cannot be e a s i l y  a ssessed .  We have th e re fo re
re so r te d  to  f i e l d  em ission , both f o r  measuring em ission changes on
a d sorp t ion  and f o r  d e f in in g  the s ta r t in g  co n d it io n  o f  the c r y s t a l .
29F ie ld  em ission m icroscopy provides some in d ic a t io n  o f  the s tru ctu re
and c le a n l in e s s  o f  the sample; as w i l l  appear l a t e r ,  not a f o o lp r o o f  one.
30By f i e l d  evapora t ion , however, i t  is  p o s s ib le  to  e s t a b l i s h  a surface
o f  the same p u r ity  as the bulk, with a h igh ly  p e r f e c t  s t r u c tu r e .  Once
a su ita b le  sample has been formed, by the procedures d e ta i le d  in I . D,
31measurement o f  the cu r r e n t -v o lta g e  (Fowler-Nordheim) c h a r a c t e r i s t i c
prov ides  an in d ic a t io n  o f  the work fu n c t ion  change on a d so rp t io n ,  as
in d ica ted  in Appendix A. A l l  that is  requ ired  is  a knowledge o f  the
work fu n c t io n  f o r  che c lea n  s u r fa c e .  For rhodium f i lm s ,  a value o f  5 .0
32eV has re c e n t ly  been measured by a re tard in g  p o t e n t ia l  technique.
The Fowler-Nordheim method is s tra igh tforw ard  but not a c cu r a te ;
u n ce r ta in t ie s  in the work fu n c t io n s  amount to  + .02 eV. For comparison,
the la r g e s t  changes in Suhrmann's s tu d ies  o f  chem isorption  f o r  methane 
12on n ic k e l  were le s s  than 0 .2  eV. A sim pler procedure , with the 
advantage o f  speed and g re a te r  s e n s i t i v i t y  has th ere fo re  been adopted:
-  8 -
We have recorded  changes in  the f i e l d  em ission current at a constant 
applied  v o l ta g e .  As shown in  Appendix A, the change in  the logarithm 
o f  the em ission cu rren t  i  at constant v o lta g e  should g iv e  a good in d ic a t io n  
o f  the work fu n c t io n  change and o f  the amount o f  gas held  on the su r fa ce .  
That th is  i s  indeed so i s  v e r i f i e d  by the sem ilogarithm ic p lo t  o f  em ission 
current against work fu n c t io n ,  in  F ig .  2. A l in e a r  r e la t i o n  is  main­
tained to w ith in  17o as long as the work fu n c t io n  r a t i o  0 / 0 q i s  le s s  
than 1 .0 5 , provided o f  course  that adsorption  does not induce d ev ia t ion s  
from the Fowler-Nordheim r e la t i o n .
C. Apparatus 
1. Vacuum System
The prime c o n s id e r a t io n  in studying slow , a c t iv a te d  adsorption  i s  
to suppress s id e  r e a c t io n s  that might compete with the r e a c t io n  o f  
in t e r e s t .  To th is  end our system, shown in  F ig . 3, i s  b u i l t  almost 
e x c lu s iv e ly  o f  Pyrex.
. 8
Methane, s tored  in  a Pyrex f la s k ,  i s  cleaned by s e l e c t i v e  g e t t e n n g  
in  the volume d e fin ed  by va lves  V^, an<* ^3* as t*1611 admitted to
the beam chamber through the s e r v o - c o n t r o l le d  va lve  (G r a n v i l le -P h i l l ip s  
Model 213) and passes over a f in a l  g e t t e r .  V3 maintains the pressure 
in  the chamber at «  60 \i, as in d ica ted  by a CVC P iran i gauge system 
3294B. The beam i s  formed by passage through a heated c a p i l l a r y .  To 
reduce the gas load in  the m icroscope prop er , m olecu les d iverg in g  from 
the cen ter  o f  the beam are removed by d i f f e r e n t i a l  pumping in  an ante­
chamber; on ly  then does the beam enter the f i e l d  em ission  m icroscope.
9F ig .  2. V a r ia t ion  o f  f i e l d  em ission  current i  with e le c t r o n  work 
fu n c t io n  0 ,  a ccord in g  to  Fowler-Nordheim theory . Work 
fu n c t io n  o f  c lea n  su rface  0 Q = 5 .0  eV .
10 -
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F ig .  3 . Schematic o f  u ltrah igh  vacuum system f o r  a d sorp t ion  s tu d ie s .
V ^ -G r a n v i l le -P h i l l ip s  (GP) Type L 1 -inch  v a lve ;  , V^-GP 
Type C va lve ;  V^-GP s e r ie s  213 s e r v o -v a lv e ;  G^, G^, G^, 
G ^-n icke l g e t t e r s ;  PG-Pirani gauge; BAG-Bayard-Alpert 
io n iz a t io n  gauge; GB-Pyrex break sea l  f l a s k ;  MBS-molecular 
beam sou rce ;  FEM -field  em ission  m icroscope ; C F -co ld  f in g e r .  
Pump m anifolds are 6 cm in diameter.
-  11 -
The gas handling system and the m icroscope are evacuated by
separate mercury d i f f u s i o n  pumps, each with a speed o f  40 1 / se c .
The e n t ir e  system, from the gas b o t t le  to  the d i f f u s i o n  pumps, can
be baked and the usual procedures bring the s ta r t in g  pressure to  below 
-10
10 mm. The ion gauges in F ig .  3 are used only during the preparation
of the system; during rate measurements they are shut down.
The heart o f  the system, the f i e l d  em ission tube with i t s  a ttached
m olecular beam sou rce ,  is  shown in F ig .  4. The source is  made o f g la ss
c a p i l l a r i e s  sea led  to  a la rg e r  tube leading to  the gas handling system.
Temperatures up to  710 K are achieved by r e s i s t i v e l y  heating  a Nichrome
c o i l  surrounding the tube. The beam assembly forms i t s  own Dewar
v e s s e l ;  th is  is  f i l l e d  with Dow-Corning 705 d i f fu s io n  pump f lu id  as
a heat t ra n s fe r  medium. Temperatures are measured with a Chrome 1-Alumel
couple  in con ta ct  with the outside  w all o f  the source assembly. Nitrogen
bubbling through the f lu id  minimizes temperature grad ients  behind the
source and slows degradation  o f  the f l u i d .
I d e a l ly ,  the rate o f  incidence  from the beam should exceed that
from the background by orders o f  magnitude. To ach ieve th is  a co ld
f in g e r ,  in l in e  with the beam, is  co o le d  to  *« 20 K with gas from a
l iq u id  helium Dewar. In c a l ib r a t i o n  runs, with the beam in normal
o p e ra t io n ,  the pressure measured on an ion gauge ju s t  downstream from
-9the cryopump was always below 5 \ 10 mm (eq u iv a len t  n itrog en  v a lu e ) .
Although the c o ld  l in g e r  is c r u c ia l  to  the opera t ion  of the system, 
i t  may introduce problems. Molecules from che beam are trapped on the
12
Gas Inlet
F ie ld  em ission  tube with a ttached  m olecular beam source f o r  
q u a n t ita t iv e  adsorp t ion  s tu d ie s .
Fig. 4.
-  13 -
co ld  w a l ls ;  during f i e l d  em ission measurements they can then be 
d is s o c ia t e d  and desorbed by e l e c t r o n  impact. To suppress such problems 
a g la ss  s l i d e  i s  in ser ted  between the cryopump and the f i e l d  emission 
s e c t io n .  With the beam on, the s l i d e  i s  withdrawn; when f i e l d  em ission 
measurements are made, the s l i d e  is  in terposed  between the sample and 
the co ld  f in g e r  to sh ie ld  the l a t t e r .
2. M olecular Beam Source
Judging from the data on n ic k e l  in F ig .  1, on ly  a few methane
m olecules out o f  many thousands s t r ik in g  the t ip  w i l l  r e a c t  with the
rhodium sample, the r e s t  must be removed. I t  is  th e r e fo r e  important
to maximize the peak in te n s i ty  f o r  a g iven  t o t a l  throughput. Our aim
14in  design ing the source  was to achieve a f lu x  o f  at l e a s t  2 X 10 
-2 -1m olecules cm sec at the t ip .  With an expected e f f i c i e n c y  o f  1 in 
4
10 , th is  should g iv e  measurable adsorption  f o r  exposures o f  severa l
minutes, an in te r v a l  short enough fo r  repeated measurements without r is k
o f  contam ination from re s id u a l  gases .
A beam with minimal angular d i s t r ib u t i o n  req u ires  a c a p i l l a r y  that
maximizes the r a t i o  o f  length  to diam eter, L /d ,  w hile  m aintaining mole- 
33cu la r  f low . M olecular f low  w i l l  p r e v a i l  throughout the source only
i f  the mean f r e e  path , A, meets the c o n d it io n  A »  L. Operating in
th is  range would l im it  s e v e re ly  the in t e n s i t i e s  at the ta r g e t .  As the
pressure behind the source  i s  fu r th er  increased  the peak in t e n s i t y
34in c r e a s e s ,  though not as r a p id ly .  However, the d i r e c t i v i t y  o f  the 
source dim inishes as the e f f e c t i v e  length  o f  the c a p i l l a r y  over which
flow  is  m olecular d im in ishes .
/-  14 -
P h ysica l  co n s id e ra t io n s  r e s t r i c t  the dimensions o f  the c a p i l l a r i e s .
Tubes with a diameter le ss  than 10 u are d i f f i c u l t  to  make; they must
be at le a s t  % mm long to  prov ide  m echanical s tren g th . Working with a
s in g le  c a p i l la r y  o f  these dimensions would be hard, however, as i t  would
have to  be aimed p r e c i s e ly  a t  the t ip  o f  the e m itte r .  The standard
33s o lu t io n  is  a c a p i l la r y  a rra y , which maintains high d i r e c t i v i t y  
while in creas in g  the beam diam eter.
In our system we are dea lin g  with e s s e n t ia l l y  a p o in t  ta rg e t .
The peak in te n s i ty  on th is  ta rg e t  does not increase  l in e a r ly  with the 
c r o s s - s e c t i o n a l  area o f  the sou rce .  As o u t l in e d  in Appendix B, we 
have con sidered  the competing in f lu en ces  o f  c a p i l l a r y  length and diam eter, 
array  s iz e  and source pressure to  a r r iv e  a t  an optimal design : a
source 1 mm in diameter, composed of c a p i l l a r i e s  \ mm long and 10 ¡1 in 
d iam eter. Such a source was provided  by the Bendix E le c t r o -O p t ic s  
D iv is io n  (S tu rb r id g e ,  M ass .) .  The array c o n s is t s  o f  a d i s c ,  6 .4  mm 
in diameter, made from a g lass  s im ila r  to  Corning 7052. The cen ter  o f  
th is  s e c t i o n ,  1 mm in diameter, had been etched  out to  crea te  10 |i 
channels , 12 il on ce n te r ,  an a r r a y s  707o-757o transparent. A tube o f  
7052 g lass  was shrunk over the edges o f  the array to  provide a vacuum 
t ig h t  mounting. The flow  c h a r a c t e r i s t i c s  estim ated f o r  th is  source are 
shown in F ig .  5.
Although th is  design appears optim al in regard to  f lo w , i t  is  
awkward to a l ig n .  As an a l t e r n a t iv e ,  a s in g le  c a p i l l a r y ,  2 .1  cm long 
and xvith a diameter o f  1 mm, has a l s o  been used. I t  is  apparent from
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F ig .  5. Beam in te n s i ty  7 cm from the source as a fu n c t io n  o f
pressure behind the m ultichannel sou rce . Multichannel 
array  o f  10 M» diameter c a p i l l a r i e s ,  0 .5  mm long , 
arranged in  1 mm diameter d i s c .  Estimates based on 
Eqs. (B l)  and (B2) f o r  Knudsen flow  and Eq. (B3) f o r  
v iscou s  f lo w .
16
F ig .  6 that th is  source  s a c r i f i c e s  a fa c t o r  o f  two in in te n s i ty  compared
to the m ultichannel array . However, i t  i s  more robust and con s id era b ly
sim pler to bring  in to  co in c id e n ce  with the c o l l im a t in g  h o le  and ta rg e t .
D. Sample and Reagent P reparation
P reparation  o f  noble  metals f o r  f i e l d  em ission has proved d i f f i c u l t
by the usual thermal and chemical treatm ents. With platinum, and to a
le s s e r  extent ir id iu m , the em ission patterns do not conform to the
q u a l i t a t iv e  c r i t e r i a  f o r  c l e a n l i n e s s - - a  smooth appearance, with only
gradual v a r ia t io n s  in in t e n s i t y ,  and no sharp demarkation l in e s  over 
35 36the em itte r .  * For rhodium, heating c l o s e  to the m elting  p o in t  in
an u ltra h ig h  vacuum s u f f i c e s  to reach th is  s t a te .  However, i t  has been
37demonstrated in  separate  s tu d ies  that the appearance o f  the rhodium
pattern  i s  no guarantee o f  c l e a n l in e s s ,  e s p e c ia l l y  f o r  the low index
p lan es .  A l l  q u a n t ita t iv e  measurements have th e re fo re  been made on
rhodium em itters  cleaned and shaped by f i e l d  evaporation  at 80 K.
Samples were prepared from hard drawn .003 in .  w ire  supplied  by
the Sigmund Cohn C o r p . ; a t y p ic a l  a n a ly s is  is  g iven  in  Table I .  The
rhodium w ire ,  on a tungsten lo o p ,  i s  shaped in a 50/50 s o lu t io n  o f  20%
38KCN and 12.57, NaOH. The stem h o ld in g  the loop  assembly i s  then 
sea led  in to  the f i e l d  em ission tube. A fte r  ach iev ing  an u ltra h igh  
vacuum, the rhodium su r face  i s  f i e l d  evaporated at 80 K u n t i l  the 
em ission  pattern  remains unchanged under continued evapora tion . The 
sample i s  then fla sh ed  to incandescence , to remove l o o s e ly  held  im pu rit ies  
from the shank. Preparation  is  completed by a d d it io n a l  f i e l d  evaporation , 
with the em itter  coo led  by l iq u id  n it ro g e n .  During runs the sample is  
kept at 245 K by Freon 12 at i t s  b o i l i n g  p o in t .  Emission patterns 
ty p i c a l  o f  the samples in  th is  work are shown in  F ig .  7.
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F ig .  6 . Beam in t e n s i t y  7 cm from the source as a fu n c t io n  o f
pressure behind s in g le  c a p i l l a r y  source . C a p i l la ry  is 
2.1  cm lon g , with 1 mm in s ide  diameter.
18
TABLE I .  Mass S pectrograph ic  A n a lys is  o f  Major Im purities
in Rhodium Wire
Element
aC oncentration  
ppm, atomic
Element ' , a Concentration
ppm, atomic
Na 1 Cr 8
Mg 8 Fe 70
A1 150b Zn <; 3
S i 20 Ru 1
P 2 Pd 1
S 20b In 2
Cl 2 Ir 4
K 3 Pt 2
T i <; 2 Pb <ï 6
Accurate to  a f a c t o r  o f  three .
^ P oss ib le  contam ination from previous an a lyses .
-  19
F i g .  7. F ie ld  em ission  images o f  rhodium, a .  ( I l l )  o r ien ted
thermally formed emitter; b. (100) oriented, thermally 
formed; c. ( I l l )  oriented, formed by fie ld  evaporation 
at 80 K; d. (100) oriented, fie ld  evaporated.
-  20
Normal methane, CH^, was supplied  in  1 A g la ss  f la s k s  by A irco  
or  Linde; Merck Chemical Co. supplied  deuterated  methanes. A l o t  
a n a lys is  o f  one o f  the p oorer  samples showed the fo l lo w in g  im p u rit ie s :
C02 -  45 ppm, 02 -  3 , N2 -  11, C2Hg -  42, C^Hg < 5 .  We expect no more than
4
1 in  10 methane m olecu les to re a c t  with rhodium; r e a c t iv e  im pu rit ies  in
£
the beam must th e re fo re  be kept below 1 part in  10 . To insure th is  the
gas is  passed over  a s e r ie s  o f  n ic k e l  g e t t e r s  in  the gas handling system.
N ickel f i lm s  ra p id ly  chemisorb oxygen, carbon monoxide, carbon d io x id e
39and h igher hydrocarbons that might in t e r f e r e  with our measurements.
P r io r  to in trod u c in g  CH^, fresh  f i lm s  are evaporated at pressures in
-10  2 the 10 mm range, each g e t t e r  p rov id in g  ^  30 cm geom etr ica l  area. I t
i s  d e s i r a b le  to keep the f i lm s  as co ld  as p o s s ib le  to minimize decompo­
s i t i o n  o f  methane. Much below room temperature, however, p h y s ica l
adsorption  may b lo ck  s i t e s  otherw ise  a v a i la b le  f o r  im p u r it ie s .  From the
13 14work o f  Suhrmann e t  a l . ,  we estim ate that at 190 K ^  10 m olecules are 
adsorbed on un it  area o f  f i lm  at a pressure o f  1 mm, not enough to in t e r ­
fe r e  with the removal o f  contaminants. I t  i s  a lso  apparent from the data 
in  F ig .  1 that at 190 K r e a c t io n  o f  methane with the f i lm  w i l l  be n e g l i g i b l e .  
In op era t ion  the g e t t e r s  are th e re fo re  co o le d  with a dry i c e  slush .
Nitrogen in  the gas supply could  s t i l l  cause problems. Nitrogen 
does not s tro n g ly  chemisorb on n ic k e l  or  the o th er  p rec iou s  m etals.
I t s  presence should not a f f e c t  the rhodium em itter  in  any s i g n i f i c a n t  
way. However, at 190 K the g e t te r s  may be saturated  by n itrogen  im pu rit ies  
in  the methane. To avoid  th is  a fourth  g e t t e r ,  at 245 K, i s  p laced  
between the s e rv o -v a lv e  and the m olecular beam.
21
When the beam is  in o p e ra t io n ,  the pressure behind the source is  
maintained a t  60 p, by a d d it io n s  from the gas handling system; there 
the methane is  s to red  over c o ld  g e t t e r s  a t  a pressure o f  «=; 1 mm. The 
output vo ltage  o f  the P ira n i  c i r c u i t  c o n t r o ls  the se rv o -v a lv e  V^, and 
is a l s o  recorded  a g a in st  time. From th is  record  the in te n s i ty  o f  the 
beam is  c a lc u la te d  a t  th ir ty  second in te r v a ls  and in tegra ted  to  g ive  
the t o t a l  number o f  m olecules impinged on u n it  area o f  the c r y s t a l .  
A f t e r  an exposure is  over and the f i e l d  em ission  c h a r a c t e r i s t i c s  are 
to  be measured, fu r th er  entry  o f  gas in to  the tube must be term inated. 
This is  accom plished by shutting  down the se rv o -v a lv e  and opening 
valve to  pump out the beam s e c t i o n .
I I .  ADSORPTION OF METHANE ON RHODIUM
A. Survey Studies 
/ 23The work o f  Frennet and L ienard suggests that chem isorption  o f  
methane on rhodium fi lm s  a t  273 K is  slow . Further e x p lo ra t io n  o f  
th is  system is  d e s i r a b le ,  however, as background f o r  q u an t ita t iv e  
experim ents. Two question s are important:
1) Is  chem isorption  slow on a to m ic a l ly  p e r f e c t  su r faces?
2) What are the c h a r a c t e r i s t i c s  o f  the methane m olecu lar ly  
bound to  the su rface?
Methane held  to  the surface  w ithout d i s s o c ia t io n  can s i g n i f i c a n t l y  
a f f e c t  ch em isorp tion . At very low temperatures such m olecules preempt 
su rface  s i t e s .  At h igher tem peratures, where a c t iv a te d  a d sorp t ion  does 
o ccu r ,  m o lecu la r ly  bound methane might prov ide  a r e s e r v o ir  o f  gas, a 
precu rsor  s t a te ,  to  f a c i l i t a t e  d i s s o c ia t iv e  chem isorp tion .
22
We have examined the p h y s ica l  a d sorp t ion  o f  methane by work fu n ct ion
measurements on a rhodium f i e l d  e m it te r ,  c o o le d  with l iq u id  n itrog en ,
and exposed to  repeated doses of methane a t  300 K. A qu an t ita t iv e
c a l ib r a t i o n  o f  the number o f  m olecules s t c ik in g  the surface  has not
been attempted; however, i t  is  c l e a r  from F ig .  8 that the a d d it io n  o f
gas to  the c o ld  su rface  lowers the work fu n c t io n ,  by as much as 0 .8  eV.
This is  t y p i c a l  o f  p h y s ica l  a d sorp t ion ,  as has p re v io u s ly  been found by 
13Suhrmann e t  a l .  f o r  the low temperature in te r a c t io n  o f  methane with
n i c k e l .  To avo id  s ide  re a c t io n s  the io n iz a t io n  gauge was only operated
-8a t  the end o f  an a d sorp t ion  sequence, re cord in g  pressures o f  ^  10 mm.
From the temperature and pressure a t  which coverages comparable to  a
monolayer are ach ieved  we estim ate a heat o f  a d sorp t ion  o f  5 + .8
kca l mole \  This is  somewhat lower than the value o f  6 .9  kca l mole ^
20reported  f o r  m olecular a d sorp t ion  o f  methane on tungsten, but compares
-1 13
w e ll  with the heat o f  ad sorp t ion  o f  4 .0  k ca l  mole on n i c k e l .
That chem isorption  o f  methane does not occur a t  these low tem­
perature and pressures was demonstrated by warming the em itter  a f t e r  
the l a s t  dose , w ithout ever operating  the io n iz a t io n  gauge. I t  is  
apparent from F ig .  8 that rhodium, covered  with methane while at a low 
temperature, i s  re s to r e d  to c le a n l in e s s  (as measured by the work fu n c­
t ion  and sep a ra te ly  by the appearance o f  the pattern ) when the temper­
ature is  ra ised  to  245 K. Evaporation o f methane m olecules th ere fore  
predominates over con vers ion  o f  p h y s ic a l ly  adsorbed gas in to  the chemi­
sorbed s t a t e .  The r a t i o  o f  the rate  constants f o r  the two p ro c e sse s ,  
d is t in g u ish ed  by the s u b scr ip ts  c and e r e s p e c t iv e ly ,  can be w r it ten  as
23
Doses AP-333
F ig .  8 . Work fu n c t io n  changes o f  rhodium em itter  on a d sorp t ion
o f  CH^  on surface  a t  80 K, fo l lo w e d  by warming to  245 K.
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Here v denotes the frequency fa c t o r  and E the a c t iv a t i o n  energy f o r  the 
rate process  in qu est ion . We assume comparable frequency fa c t o r s  fo r  
con vers ion  and d esorp t ion  o f  m olecular methane. That a c lean  rhodium 
surface  is  obtained by heating  an em itter  covered  with methane at 80 K 
thus in d ica tes  that the a c t iv a t i o n  energy f o r  con v ers ion ,  must
exceed the d esorp tion  energy o f  methane m olecules from the rhodium 
su r fa c e :  that i s , E > 5  kca l mole ^.
In separate experiments we have e s ta b l is h e d  that adsorp t ion  of 
CD  ^ proceeds on a c o ld  rhodium surface  in much the same fash ion  as f o r  
CH^  in F ig .  8 . We conclude that f o r  both CH^  and CD^, molecular 
a d sorp t ion  on rhodium occurs with binding en erg ies  o f  w 5 kca l mole \  
and that the transform ation  to  the chemisorbed s t a t e ,  in which 
fragmentation o f  the m olecule takes p la c e ,  is  prevented by an ap p rec iab le  
a c t iv a t i o n  b a r r ie r .
f i e l d  evaporation  a t  80 K, the work fu n c t io n  as w e l l  as the current 
a t  constant vo ltage  is  measured, the l a t t e r  a t  a t o t a l  em ission i. o f
the temperature f o r  a d so rp t io n ,  and the em ission  current is  again recorded . 
T h irty  minutes la te r  the current is  measured once more to  check f o r  
p o s s ib le  contam ination . Measurements were continued only i f  the 
in tru s ion  o f  im purit ies  had been n e g l i g i b l e ,  amounting to le s s  than 1%
B. Rate Measurements
A standard sequence o f  operations has been fo l lo w e d  in qu an ti-
40ta t iv e  observation s  o f  chem isorp tion . A f t e r  shaping the sample by
5 x 10 -10 A from the c lean  s u r fa c e .  The t ip  is  then brought to 245 K
o f  the su rface
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The rhodium c r y s t a l ,  s t i l l  a t  245 K, is  then exposed to  the
m olecular beam, a f t e r  which the f i e l d  em ission current is  again record ed .
This sequence is  repeated f iv e  times, each taking 30 min, and proceeds
as f o l l o w s .  The m olecular beam is  run fo r  10 min (20 min when the
s in g le  c a p i l l a r y  source is  u se d ) ,  exposing  the em itter  to 
17 -2«  2 x 10 m olecules cm . A f t e r  in te rru p t in g  the beam, the m icro ­
scope is  pumped out f o r  5 min and the gate is c lo s e d ;  only then is  the
-9emission current checked, at pressures < 10 mm (as e s ta b l is h e d  in 
blank ru n s ) .  The f i e l d  is on f o r  le s s  than 30 s e c .  To commence 
another exposure sequence, the gate to  the c o ld  f in g e r  is  opened and 
the m olecular beam turned on. At the end o f  a run, fo l lo w in g  the f i n a l  
exposure and current measurement, r e s id u a l  adsorp t ion  e f f e c t s  are 
checked. A fte r  an in te r v a l  without gas f low , but otherwise id e n t i c a l  
to  an exposure sequence, the em ission  current is  again measured.
During th is  in te rv a l  no changes outside  the l im it  o f  e r r o r  were d e tected  
f o r  CH^, e s ta b l is h in g  that spurious re a ct io n s  do not occur in th is  
system.
A t y p i c a l  a dsorp t ion  sequence is  shown in F ig .  9. With the 
em itter  a t  245 K and the m olecular beam a t  295 K, repeated dosing with 
CH  ^ has no apparent e f f e c t  on the em ission from the rhodium su r fa c e .
Only when the beam is  ra ised  above 600 K do s i g n i f i c a n t  changes in 
em ission  become n o t ic e a b le :  with increased  exposure to  the hot gas
the em ission  drops. This is  oppos ite  to  the behavior noted during 
p h y s ica l  a d sorp t ion  o f  methane a t  low temperatures, and is  in keeping 
w ith  an increase in work fu n c t ion  c h a r a c t e r i s t i c  o f  chem isorp tion .
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F ig .  9. Changes in f i e l d  em ission current from a rhodium surface  
a t  245 K fo l lo w in g  exposure to CH^  a t  705 K and 295 K.
r
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That th is  re a c t io n  o f  methane with the rhodium em itter  is  brought
about by the h igher gas temperature, and not by an in c id e n ta l  heating
o f  the e m itte r ,  has been demonstrated in separate experim ents. Changes
in em itter  temperature have been estim ated by measuring the f i e l d
em ission cu rren t ,  w ithout any gas p resen t ,  as the temperature o f  the
31m olecular beam source is  r a is e d .  From Fowler-Nordheim theory we 
expect  a 1% increase  in em ission f o r  an «  100 K r i s e  in em itter  temper­
ature above 245 K. W ithin the l im it s  o f  our crude determ inations,
»¿20  K, no change in t ip  temperature occurs when the beam source is 
ra ise d  to  700 K. This has been confirm ed by measurements o f  the 
e l e c t r i c a l  r e s is ta n ce  o f  the support loop ;  these suggest that a t  the 
ju n c t io n  o f  em itter  and loop  the temperature r i s e s  le s s  than 3 K when
the beam is  brought from room temperature to  700 K. C a lcu la t ion s  by 
41Seidman in d ica te  that co n tr ib u t io n s  from the gas are e n t i r e ly  
n e g l i g i b l e .  We have a ls o  checked the e f f e c t s  o f  small changes in t ip  
temperature on the a d sorp t ion  by in creas in g  the temperature o f  the 
su rface  while a d sorp t ion  is  occu rr in g  from the hot m olecular beam.
No s i g n i f i c a n t  changes have been d e tected  f o r  in creases  o f  a few 
hundred degrees in the surface  temperature.
The ob serva t ion  o f  chem isorption  when rhodium is  exposed to  a 
beam o f  h ot  CH^  answers one o f  the questions posed i n i t i a l l y :  thermal
e x c i t a t i o n  o f  methane m olecules s u f f i c e s  to overcome the b a r r ie r  to 
the d i s s o c ia t io n  o f  the gas a t  the s u r fa c e .  This should n ot  be taken 
to  imply that the e x c i t a t i o n  o f  the s o l i d  does not a f f e c t  the r e a c t io n .  
Our experiments on the e f f e c t  o f  c r y s t a l  temperature were aimed a t
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e s ta b l is h in g  the absence o f  a r t i f a c t s ,  and covered  only a narrow range 
o f  c o n d it io n s .  The ex a ct  r o le  o f  the s o l i d  and i t s  e x c i t a t i o n s  in 
b r in g in g  about r e a c t io n  remains to be examined. I t  has been e s ta b l is h e d ,  
however, that e x c i t a t i o n  o f  the gas , keeping the s o l i d  c o ld ,  is  
s u f f i c i e n t  to  bring  about re a c t io n  o f methane on a c lea n  surface  o f  
rhodium.
To define  the b a r r ie r  to  d i s s o c ia t i o n  a t  the s u r fa c e ,  the re a c t io n  
ra te  has been stud ied  in i t s  dependence upon gas temperature, T ,(jr
keeping the s o l id  a t  245 K. R eactions with the beam as high as 
710 K have been ex p lo red ; th is  is  the upper l im it  s e t  by the decom position  
o f  the heat t ra n s fe r  medium and the s t r a in  p o in t  o f  the g la sses  in the 
beam tube. In our experim ents, changes in the logarithm  o f  the em ission  
current a t  constant vo ltage  are small and l in e a r  in the t o t a l  exposure 
t o  the gas. As an in d ic a to r  o f  the rate o f  decom position  o f  methane on
the bare su rface  we have th e re fo re  used the quantity   ^ , where
-2Yt i s  the exposure in  m olecu les cm
Two sets  o f  measurements are a v a i la b le  on the same sample: one 
w ith  the multichannel sou rce ,  the other with a s in g le  c a p i l l a r y .  The 
methane in the two experiments came from d i f f e r e n t  s u p p l ie r s .  Despite 
these d i f fe r e n c e s  in d e ta i l  the r e s u l t s  are the same, as is  apparent by 
comparing F ig .  10 and 11. From measurements with the m ultichannel 
source we derive  an a c t iv a t i o n  energy o f  7.3 + 1 .5 k ca l  mole ; 
experiments with a s in g le  c a p i l l a r y  y i e ld  a value o f  7 .0  + .7 k ca l  
mole ■*■.
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F ig .  10. Rate o f  chem isorption  on rhodium a t  245 K as a fu n c t io n  
o f  CH4 beam temperature. Rg = change o f  the logarithm  
o f  the f i e l d  em ission  current/(beam  exposure x 10“ ^ ) ,  
Experiments done with multichannel sou rce ;
Ea = 7.3 + 1.5  k ca l  mole“ -*-.
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F ig .  11. Rate o f  chem isorption  on rhodium at 245 K as a fu n c t ion  
o f  CH4 beam temperature. Experiments done with s in g le  
c a p i l l a r y  sou rce ;  = 7 .0  + .7 kca l mole"-*-.
These energ ies  are small and exclude the p o s s i b i l i t y ,  remote 
from the s t a r t ,  that e x c i t a t i o n  o f  an e l e c t r o n i c  s ta te  in the gas 
might con tr ib u te  to the r e a c t io n ;  such s ta tes  are too high above the 
ground le v e l  to  c o n t r ib u te .  However, r o t a t i o n ,  v ib ra t io n  and tran s ­
la t io n  a l l  are p o s s ib le  c o n tr ib u to r s  to  the su r face  decom position  o f  the 
CH  ^ m olecu le . To d e fin e  more c l o s e l y  the decom position  p ro c e s s ,  we 
have done measurements with v a r iou s ly  deuterated  methanes.
C. Studies on I s o t o p i c a l l y  S u bst itu ted  Methanes
Q uantitative  comparisons between rates  o f chem isorption  f o r  CH^  
and CD^, the com plete ly  deuterated  is o to p e ,  have not been s u cc e s s fu l  
on rhodium. Even a f t e r  in te rru p t in g  the beam o f  hot CD^, the em ission 
current from the sample, and presumably a ls o  the amount chemisorbed 
on i t ,  continued to change. In f a c t ,  the decrease in em ission  with and 
w ithout exposure to  deuteromethane proved roughly comparable. The 
con tin u in g  change is  not in d ic a t iv e  o f  a r e a c t iv e  impurity in the beam 
gas. This is  demonstrated by the lack  o f  change when the sample is 
exposed to  the c o ld  gas f o r  long p er iods  o f  time. Although the cause 
o f  th is  d is tu rb in g  process  has not been e s ta b l is h e d ,  i t  is  most l i k e l y  
due to  decom position  o f  CD  ^ somewhere in the tube, with subsequent 
slow re lea se  o f deuterium.
Although s id e  r e a c t io n s  v i t i a t e  q u a n t ita t iv e  rate  measurements, 
an order o f  magnitude estim ate can be ventured f o r  the d i s s o c ia t iv e  
a d sorp t ion  o f  CD^. A f t e r  c o r r e c t in g  fo r  changes in em ission due to 
competing p ro c e s s e s ,  the rate  o f  d i s s o c ia t iv e  chem isorption  o f  CD  ^
a t  693 K appears at l e a s t  a fa c t o r  o f  10 lower than that o f CH  ^ a t  the 
same temperature; i t  is  in f a c t  lower than f o r  CH  ^ a t  300 K. Changes 
in em ission  during experiments with CD are on the order o f  a few percen t,
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comparable to  the changes observed during blank runs aimed a t  checking 
contam ination from the hot beam sou rce .  The rate estim ated f o r  the 
chem isorption  of CD  ^ rhodium must th e re fo re  be considered  an upper
l im it  on ly .
Experiments were a l s o  c a r r ie d  out on CH^D^; f o r  th is  gas, rates  
o f  chem isorption  were a ls o  small but measureable. Again there were 
d i f f i c u l t i e s  with continu ing  ad sorp t ion  from side  r e a c t io n s .  These 
r e s u lt  in a rate in creas in g  with time, as shown by one o f  the worst 
examples o f  th is  e f f e c t ,  in F ig .  12. Despite th a t ,  estim ates o f  the 
ra tes  a t  zero  coverage are p o s s ib le ;  in F ig .  13 these are compared a t  
d i f f e r e n t  temperatures with rates  fo r  ordinary methane.
The large s c a t t e r  in the data f o r  GH¿ D2 makes q u an t ita t iv e  
ev a lu at ion  o f  rate parameters i l l u s o r y .  N everth e less ,  two p o in ts  are 
worth n o t in g .  A l in a  with the same s lope  as that fo r  Cd^ cou ld  be 
used to  represent the data f o r  CH2D2 . More important is  the f a c t  that 
f o r  CH2D2 the rate  o f  d i s s o c ia t iv e  a d sorp t ion  is  a fa c t o r  o f  ^  3 
sm aller  than that o f  Cd^ over the range o f  temperatures. These semi- 
q u a n t ita t iv e  d i f fe r e n c e s  in the ra tes  f o r  d i f f e r e n t  iso top es  w i l l  
prove important in p rov id in g  a c lu e  to  the course o f  the decom position  
p r o c e s s .  For the moment i t  should be emphasized that f o r  CH^, CH2D2 , 
as w e l l  as CD^, our experiments e s ta b l i s h  that e x c i t a t i o n  o f the gas 
a lone is  s u f f i c i e n t  to  bring  about r e a c t io n .  We now turn to  an 
examination o f  the atomic events in the r e a c t io n .
33
F ig .  12. Changes in f i e l d  em ission cu rren t fo l lo w in g  adsorp t ion  
o f  CH2D2 a t  691 K on rhodium a t  245 K.
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F ig .  13. Rate o f  chem isorption  o f  methane and deuteromethanes on
rhodium. S o l id  l in e -d a ta  from F ig .  11. V-CH^ background 
rate  a t  300 K; G -upper l im it  f o r  CD  ^ r a te ;  A, o -r a te s  
f o r  CH^D ,^ der ived  by a l t e r n a t iv e  methods o f  data a n a ly s is .
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I I I .  THE MECHANISM OF MOLECULAR DISSOCIATION 
A. In trod u ct ion
The work ju s t  reported  e s ta b l is h e s  two f a c t s :
1) Thermal e x c i t a t i o n  o f  methane (CH^) over an energy b a r r ie r  o f  
7 k ca l  mole  ^ r e s u l t s  in d i s s o c ia t iv e  a d sorp t ion  on c o ld  
rhodium.
2) I s o t o p i c a l l y  su b s t itu te d  methanes r e a c t  le s s  ra p id ly  than
normal methane; d i s s o c ia t io n  o f  CH2Ü2 is  on ly  1/3 as f a s t ,
d i s s o c ia t io n  o f  CD  ^ proceeds a t  no more than one tenth the
rate o f  CH. .4
We w i l l  examine the im p lica t ion s  o f  these f in d in g s  f o r  the mechanism by
which methane d is s o c ia t e s  on a m etal.
No other r e a c t io n  has been reported  in which e x c i t a t i o n  o f  the
gas over such a s i g n i f i c a n t  b a r r ie r  is requ ired  to  i n i t i a t e  chem isorp tion .
42Anderson and R it ch ie  a c t iv a te d  hydrogen by co n ta ct  with a hot tungsten
fi lam en t  and found enhanced adsorp t ion  on sodium f i lm s .  The a c t iv a t io n
energy o f  the process  amounted to  **=* 1 k ca l mole \  but the mechanism
43remains u n c lea r .  Madix and Susu found that the rate o f  ox id a t ion  
o f  s i l i c o n  and germanium increased  on heating  the in c id e n t  oxygen; the 
a c t iv a t i o n  energy f o r  th is  process  was only  0 .15 k ca l  mole \  and 
again  the fa c t o r s  invo lved  in the re a c t io n  have not been re so lv e d .
Other su rface  s tu d ies  thus appear to  provide few h in ts  about the d i s s o c i ­
a t iv e  a d sorp t ion  o f  methane.
A con s id era b le  body o f  work is  a v a i la b le  on the m olecular events
44in  chemical encounters in the gas phase. T r a d i t io n a l ly  the emphasis 
there was on t r a n s la t io n a l  energy as the important fa c t o r  f o r  in i t i a t i n g
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r e a c t io n s .  However, in  experiments with su person ic  m olecu lar beams
4-6o f  HI and DI, J a f fe  and Anderson e s ta b l ish e d  that t r a n s la t io n a l  
e x c i t a t i o n  did  not f a c i l i t a t e  the form ation  o f  HD. That v ib r a t io n a l  
e x c i t a t i o n  can be the s i g n i f i c a n t  fa c t o r  in  gas phase p rocesses  has
been demonstrated f o r  the re a c t io n  o f  HC1 with potassium atoms by
47Odiorne, Brooks, and Kasper. They crossed  a m olecular beam with
la se r  l i g h t  and proved that e x c i t a t i o n  o f  HC1 in to  the f i r s t  v ib r a t io n a l
s ta te  resu lted  in a 120- f o l d  increase  o f  the c ross  s e c t io n  f o r  r e a c t io n .
48An equ iva len t amount o f  ensrgy in t ra n s la t io n  was found to  r a is e  
the cross  s e c t io n  by only  a f a c t o r  o f  10. V ib ra t io n a l  e x c i t a t i o n  is
49a ls o  important in enhancing the r e a c t i v i t y  o f  ozone with n i t r i c  o x id e ,  
and there are in d ica t io n s  that th is  may be a s i g n i f i c a n t  e f f e c t  in 
other rea ct ion s  as w e l l .
50C la s s ic a l  t r a je c t o r y  c a lc u la t io n s  by P o la n y i 's  group have c l a r i f i e d  
the co n d it io n s  under which e x c i t a t i o n  o f  d i f f e r e n t  degrees o f  freedom
is important. Estimates have been made f o r  the three body exchange
51re a c t io n  A + BC -♦ AB + C, between atom A and m olecule BC; some work
52is  a l s o  a v a i la b le  f o r  atomic exchange between m olecules AB and CD.
For rea ct ion s  in which the c r e s t  o f  the energy b a r r ie r  is  in the entrance 
v a l le y  o f  the p o te n t ia l  s u r fa c e ,  t r a n s la t io n a l  energy is  much more 
e f f e c t i v e  in br in g in g  about re a c t io n  than v ib ra t io n a l  c o n t r ib u t io n s .  
However, i f  the c r e s t  is  in the e x i t  v a l le y ,  v ib r a t io n a l  e x c i t a t i o n  is  
necessary  to  surmount i t .  The r o le  o f  r o ta t io n a l  energy has been examined 
f o r  the exhange re a c t io n  A + BC. With the b a r r ie r  a t  the entrance o f  
the p o t e n t ia l  su r fa c e ,  r o ta t io n  increases  the re a ct io n  cross  s e c t i o n ;
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with the b a r r ie r  a t  the e x i t ,  however, r o t a t io n  brings about a 
53d ecrease .  The in c lu s io n  o f  m olecular r o ta t io n  leaves unchanged the 
r e la t i v e  importance o f  v ib r a t io n a l  and t r a n s la t io n a l  e x c i t a t i o n  in the 
r e a c t io n .
D is s o c ia t io n  o f  CH^  on a c r y s t a l  should obey much the same g en era l­
iz a t io n s  as p rocesses  in the gas phase. However, l i t t l e  is  known about 
the p o te n t ia l  s u r fa c e s ,  and we cannot use such inform ation  to deduce 
the r e la t iv e  importance o f  t r a n s la t io n a l  and v ib r a t io n a l  co n tr ib u t io n s  
to the r e a c t io n .  Instead we analyze the iso top e  e f f e c t s  to  a t ta in  a 
c l o s e r  view o f  the decom position . This f i r s t  requ ires  an examination 
o f  the m olecular events in an encounter o f  methane molecules with a 
metal s u r fa c e .
B. Rate Processes  in D is s o c ia t io n
Our measurements in d ica te  that only thermally e x c i t e d  methane 
m olecules con tr ib u te  to  the d i s s o c ia t io n  on rhodium; gas com pletely  
e q u i l ib r a te d  with the s u r fa c e ,  that is  a t  245 K, does not r e a c t .
P a r t ia l  accommodation o f  those degrees o f  freedom not v i t a l l y  involved 
in the chem isorption  step can o f  course o ccu r .  That t r a n s la t io n a l  motion 
f a l l s  in to  th is  ca teg ory ,  as not important to the r e a c t io n ,  is  apparent 
from the d i f fe r e n c e s  in the r e a c t i v i t y  o f  i s o t o p i c a l l y  su b st itu ted  
methanes.
In a thermal beam o f  m olecu les , each o f mass m, the f r a c t io n  with
54speeds between v and v + dv is
f  ( v)dv = exp
2Xmv
2kT/ dv ( 2 )
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The f r a c t io n  of molecules w ith  t r a n s la t io n a l  energy in the range e to
e + de is
f ( e )  = — — ~ exp 1 - pjr) de . (3 )
(kT) v ki
The mass o f  the in c id en t  p a r t i c l e  has no e f f e c t  on the d i s t r ib u t io n  o f  
t r a n s la t io n a l  energy. I f  t r a n s la t io n a l  energy were dominant in the 
d i s s o c ia t io n  o f  methane a t  the s u r fa c e ,  only minor d i f f e r e n c e s  should 
show up in the behavior o f  d i f f e r e n t l y  deuterated  i s o to p e s .  This is 
contrary  to  our ob serv a t ion s .
T ra n s la t ion a l  e q u i l ib r a t i o n  o f in c id en t  m olecu les ,  fo l lo w e d  by
th e ir  capture in a m o lecu la r ly  held  s t a t e ,  does not d ic ta te  the o v e r a l l
r a t e .  The f r a c t io n  of m olecules captured in such a s ta te  is  in d ica ted
by the s t i c k in g  c o e f f i c i e n t  s .  This has not been measured f o r  methane.
However, f o r  the in e r t  g a s e s ' ^ ’ or m olecular hydrogen on metals i t  is
on the order o f  0 .1  or g r e a t e r . “*^  I t  is  a l s o  known that energy t ra n s fe r
to a l a t t i c e  o f heavy atoms becomes more e f f i c i e n t  as the mass o f  the
in c id en t  atoms in cr e a se s .  Indeed the rate  o f adsorp t ion  o f  deuterium
on the (100) plane o f  tungsten is  roughly 507o la rger  than that o f
58hydrogen on the same s u r fa c e .  The iso tope  e f f e c t  observed f o r  
methane is  oppos ite  to t h i s ,  and p o in ts  to a process  other than energy 
t ra n s fe r  as l im it in g  the rate o f  chem isorp tion .
The r o ta t io n a l  degrees o f  freedom o f  the methane molecules a ls o  
are not in tim ately  t ie d  to  the l im it in g  step in the r e a c t io n .  At high 
e n e rg ie s ,  a t  which s p e c ia l  e f f e c t s  due to  nuclear spins become
unimportant, the f r a c t i o n  o f  m olecules with r o ta t io n a l  energy in the
59range e., to  e + deD can be approximated by R R R
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f(e ) = l " 1/2rh/(2TTkT)3/2_lL _) 4e R
+ h /(8 n l)j  exp - e^/kT; (4 )
here I is the moment o f  in e r t ia  ( f o r  what we assume to  be a s p h e r ica l
top m o le cu le ) .  Under the co n d it io n s  f o r  which Eq. (4 ) is  v a l id ,  the
second term in the bracket a t  r ig h t  is  small compared to  e . The
d is t r ib u t io n  in energy is  th ere fo re  changed in going from CH^  to  CD^,
- 1/2la r g e ly  through the dependence upon I . T h is ,  however, amounts
only  to a fa c t o r  o f  1 .4 ,  small compared to  the changes a c t u a l ly  measured
in the experim ents. V ib ra t io n a l  e x c i t a t i o n  alone remains as s i g n i f i c a n t
fo r  the r e a c t io n  o f  methane with rhodium.
To e s ta b l i s h  how methane is  chemisorbed we fo l lo w  the in c iden t
m olecules in th e ir  encounter xvith a rhodium c r y s t a l .  Thermally
e x c i t e d  m olecules from the beam s t r ik e  the su rface  . A few may
d is s o c 'o . t e  on d i r e c t  impact; our measurements suggest that only
1 in  103 ever chemisorb. M olecules that do not immediately
d i s s o c ia t e  may lose  enough t r a n s la t io n a l  energy to  be trapped a t  the
s u r fa c e ,  even i f  only tem p orarily .  The r e s t  w i l l  be returned to  the
gas phase and are l o s t  fo r e v e r .  Methane trapped in the p h y s ic a l ly
adsorbed layer  w i l l  i n i t i a l l y  be in an e x c i t e d  s t a t e ,  possess in g  energy
o f  in te rn a l  v ib ra t io n  fa r  above that d ic ta te d  by the temperature o f
the s u r fa c e .  V ib ra t io n a l  e q u i l ib r a t i o n  can be expected  to  occur more
slow ly  than accommodation o f  t r a n s la t io n a l  energy. In the gas phase,
f o r  example, many hundred c o l l i s i o n s  are requ ired  to  exchange v ib ra t io n a l
60 61energy f o r  t r a n s la t io n .  ’ For a b r i e f  in te r v a l  a f t e r  captu re , 
methane in the p h y s ic a l ly  adsorbed layer  may th e re fo re  s t i l l  be capable
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o f  d i s s o c ia t i o n .  In th is  t ra n s ie n t  e x c i t e d  s ta te  the m olecules make 
many c o l l i s i o n s  with the s u r fa c e ;  even i f  the p r o b a b i l i t y  o f  success  
f o r  each is  sm all, the t o t a l  p r o b a b i l i t y  o f  decom position  f o r  such 
molecules may s t i l l  exceed the p r o b a b i l i t y  o f  decom position  in the 
i n i t i a l  encounter from the gas phase.
The l i f e t im e  o f methane m olecules on the surface  under the 
co n d it io n s  o f  the experiment cannot be p r e d ic te d ,  but we can se t  l im its  
based on the work in S ect ion  I I .  I f  the m olecu les  immediately
_ g
therm alize  with the rhodium a t  245 K, th e ir  l i f e t im e  i s 10 se c ;
should the temperature o f  the adsorbed layer  remain roughly that o f  the
-11beam, however, the l i fe t im e  is  10 s e c .  Even in the w orst s i tu a t io n
3th is  s t i l l  amounts to  more than 10 v ib ra t io n s  o f  the H-C bond ( in  the
mode). In e i th e r  case the m olecules re s id e  on the surface  s u f f i c i e n t l y  
long f o r  in te r a c t io n  with the l a t t i c e ,  but not long enough to  in t e r fe r e  
w ith  d i r e c t  chem isorp tion . We must th e re fo re  examine chem isorption  
from e x c i t e d  precursor  m olecules p h y s ic a l ly  held to  the c r y s t a l .
A steady s ta te  f o r  the p recu rsor  w i l l  be ra p id ly  e s ta b l is h e d .
The number o f  methane m olecules which impinge on u n it  area o f  the c r y s t a l  
per second and lose  enough t r a n s la t io n a l  energy to  be trapped is  then 
balanced by the number con vert in g  to  the chemisorbed s ta te  together 
w ith  the number evaporating  from the s u r fa c e .
That i s ,
Ys = n(k  + k ) .  c e (5 )
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Here Y is  the f lu x  of m olecules in c id en t  upon u n it  area o f  the c r y s t a l ,
-2and n the number density  o f  the p recu rsor  s ta te  in m olecules cm ;
k and k are formal rate  con sta n ts ,  f o r  m olecular d i s s o c ia t i o n  and fo r  c e
evaporation  from the p h y s ic a l ly  adsorbed precursor  s t a t e ,  r e s p e c t iv e ly .  
These constants are s p e c i f i c  to  the steady sta te  p r e v a i l in g  during the 
measurements; they account f o r  the r e a c t io n  in the nonequilibrium  
d i s t r ib u t io n  a t  the s u r fa c e ,  in which m olecules may e x i s t  in a v a r ie ty  
o f  e x c i t e d  s t a te s .
The quantity  measured in our experiments is  p ro p o r t io n a l  to  the 
rate  o f  chem isorption  per in c id en t  m olecu le . I f  chem isorption  occurs 
by con vers ion  o f  m olecules in a precu rsor  s t a t e ,  then the rate can be 
form ulated as
f s 
Ik  +kc e
k .c ( 6 )
This r e la t i o n  s im p l i f i e s  in  two l im it in g  s i t u a t io n s .  I f  con vers ion  
is  rapid  compared to  eva p ora t ion , so that kc »  k^, then
nk
T T  "  s • ( ? )
Under these circum stances the ra te  depends only upon s ,  the p r o b a b i l i t y
that the c o l l i d i n g  gas w i l l  be captured a t  the s u r fa c e .  We have a lready
seen in S ect ion  I I .A .  that th is  l im it in g  case is  not appropr ia te  f o r  the
in te r a c t io n  o f  methane with rhodium. In f a c t ,  f o r  th is  system the rate
o f  con vers ion  k must be much sm aller than the rate o f  d esorp t ion  k .c e
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We are sa fe  in assuming a s t i c k in g  c o e f f i c i e n t  f o r  methane no sm aller
than that f o r  m olecular hydrogen, that is  no sm aller  than 1 /10 . However,
only 1 in 10^ o f  the impinging m olecules chem isorb. To maintain the
steady co n ce n tra t io n  o f  p recu rsor  m olecules the ra te  o f  evaporation
must exceed that f o r  con vers ion  by orders o f  magnitude. For the
in te r a c t io n  o f  CH, w ith  rhodium we th e re fo re  have k »  k ; i t  fo l lo w s  4 e c ’
from Eq. ( 6) that the o v e r a l l  rate  o f  chem isorption  assumes a new 
l im it in g  form,
nk sk c c
( 8)
The mass dependence, and to  some exten t the temperature dependence, 
o f  the rate  parameters in Eq. ( 8) w i l l  be examined in the next two 
s e c t i o n s .  However, i t  must be noted that the beam temperature should 
have l i t t l e  e f f e c t  e i t h e r  upon the s t i c k in g  c o e f f i c i e n t  s or upon the 
rate  constant f o r  the d esorp t ion  o f  the m olecular gas k^. D eta iled  
s tu d ies  are not a v a i la b le  f o r  CH^, but we can draw on experience with 
other systems. Measurements o f  the change in the s t i c k in g  c o e f f i c i e n t
with gas temperature T have been made f o r  the rare gases d e p o s it in g  onG
62th e ir  own c r y s t a l s .  I t  has been found that even a t  temperatures
such that T «=* E /4 k ,  where E is  the heat o f  sublim ation  f o r  the 
b  s s
c r y s t a l ,  the s t i c k in g  c o e f f i c i e n t  has much the same value as i t  does 
at T «  E /12k . We w i l l  th e re fo re  ignore th is  e f f e c t  as unimportant.
b  S
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Much le ss  is known about the dependence o f  the rate  constant f o r  
ev a p ora t ion  upon the temperature o f  the in c id en t  gas in a steady s ta te  
system such as ou rs . We expect  th is  e f f e c t  to be sm all .  The beam
energy kT„ is  small by comparison with the t o t a l  energy l o s t  in
G
e q u i l ib r a t i o n ;  that depends m ostly on the depth o f  the w e l l  h o ld in g  the
m olecules on the s u r fa c e .  In any even t ,  t r a n s la t io n a l  motion is  therm alized
r a p id ly ,  wiping out any memory o f the p a s t .  In the next s e c t io n s  we
th e re fo re  concentrate  upon kc , the ra te  constant f o r  chem isorption
from a p re v io u s ly  adsorbed p recu rsor .
C. T ra n s it ion  State Theory f o r  Isotope  E f f e c t s
Our i n i t i a l  concern is  to  examine the iso top e  e f f e c t s  in the
chem isorption  o f  methane w ith in  the framework o f  t r a n s i t io n  s ta te  
63theory . In th is  approach, the r e a c t io n  is  viewed as the passage
o f  the system over a b a r r ie r  on an appropr ia te  p o te n t ia l  energy
s u r fa c e .  One assumption is  c r u c i a l — an eq u ilib r iu m  d is t r ib u t io n  is
maintained throughout. We have a lread y  seen that in the decom position
o f  methane con vers ion  from a precu rsor  is  n e g l i g ib l e  compared to
evapora t ion  from th is  s t a t e ,  so that f o r  an isotherm al system the
precu rsor  would be in eq u ilib r iu m  with the gas . In analyzing  the
65o v e r a l l  process  o f  chem isorp tion , two paths are th e re fo re  op en --  
a n a lys is  o f  adsorp tion  d i r e c t l y  from the gas , or  from the p h y s ic a l ly  
adsorbed p recu rsor  in  equ ilibr iu m  with the gas. We s h a l l  f o l l o w
the second.
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The rate  constant f o r  con vers ion  kc can be w r i t t e n ,  in a ccord  with 
t r a n s i t io n  sta te  th eory , as
kc = L* I T  V  exp  ^ ‘  E* / kT) # (9 )
+
L is  the number o f  e q u iv a len t  paths by which the r e a c t io n  may proceed ;
Q and Q denote the p a r t i t i o n  fu n ct ion  (per  un it  volume) f o r  the
normal and a c t iv a te d  s t a t e ,  with the l a t t e r  lack ing  the degree o f
freedom which corresponds to  the decom position  o f  the a c t iv a te d  complex.
±
E , as customary, g ives  the d i f f e r e n c e  between the ground s ta te  le v e ls
o f  the normal and a c t iv a te d  m a te r ia l .
We assume that both the p recu rsor  and the t r a n s i t io n  s ta te
to  chem isorption  are l o c a l i z e d  a t  N s i t e s  a v a i la b le  on u n it  area o fs
the s u r fa c e ,  v ib ra t in g  there a t  a frequency v . In the precu rsors
s ta te  methane is  assumed to  be r o ta t in g  f r e e ly  with a moment o f
in e r t ia  I ;  in  the t r a n s i t io n  s t a t e ,  however, r o ta t io n  is  com plete ly
quenched. For the decom position  coord in a te  we p ick  a s tre tch in g  v ib ra t io n
v^, the analogue o f  the asymmetric s t r e t c h in g  mode o f  the normal 
59 66 67m olecu le .  * * These assumptions, though a r b i t r a r y ,  are intended
to produce the la r g e s t  p o s s ib le  r a t i o  R(H)/R(D) f o r  the ra tes  a t  which 
normal and f u l l y  deuterated  methane chem isorb. I t  must be s t re s s e d  that 
the p ro p e r t ie s  o f  the precu rsor  do not a f f e c t  the o v e r a l l  ra te  s i g n i f i c a n t l y  
the s p e c i f i c i a t i o n  o f  the t r a n s i t io n  s ta te  is  a l l  important.
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For th is  model o f  the chem isorption  step
k = c h
kT [^ l-exp (-hvA/kT)
2 8 1/2 
( 8 tt /n  ) i  ' (2rrkT)
exp -  E /kT , ( 10)
and the ra te  con stan t kg f o r  the evaporation  o f  p recu rsor  m olecules 
takes the form
kT . 2irmkT N r-
ke = i ~ r ^ ^ 1‘ eXp^ Vs /kTs ) I exP -Ee /kTs »s n -
( 11)
here we have assumed that evaporation  occurs  a f t e r  com plete e q u i l ib r a t i o n
to T , the temperature o f  the su r fa ce ,  s
The rate  measured in our experiment i s ,  a ccord in g  to  Eq. ( 8) ,
p r o p o r t io n a l  to  k ^ k ^ .  The experim enta lly  determined a c t iv a t io n
-1  +
energy o f  7 k ca l mole y ie ld s  a value o f  E , we are then in  a 
p o s i t i o n  to c a l c u la t e  the r a t e ,  that i s  k /k  , f o r  normal methane,
CH^, compared to  that o f  the com plete ly  deuterated  molecule CD^. This 
r a t i o  is  shown, as a fu n c t io n  o f  the beam temperature, in Table I I .
At 700 K, the ra te  f o r  normal methane is  5 .8  times as g rea t  as that 
f o r  CD^, con s id erab ly  lower than the r a t i o  estim ated w ith  what we 
co n s id er  an upper l im it  to the experim ental ra te  f o r  CD^. In our model 
the ch o ice  o f  a C-H s t r e t c h in g  mode, as the c r i t i c a l  coord in a te  was 
made to  g ive  the la r g e s t  r a t i o  f o r  the rate  o f  chem isorption  o f  CH
4
compared to  CD^. P h y s ic a l ly  i t  seems more reasonable to  p ick  an H-H
TABLE I I . Iso top e  E f f e c t  oni Chemisorption Rate Estimated by T ra n s it io n  State: Theory f o r  CB O Ü
1 1
Gas
Tempera ture 
K
V
k (H ) /k  (D) c c
No R ota t ion  
Decomposition Mode
3
R(H)/R(D) k (H )/kC '
V4
c (D ) '  R(H)/R(D)
V
kc (H )/k c (D)
1-D R otation  
Decomposition Mode 
3
R(H)/R(D) kc (H )/k c (D)
V4
R(H)/R(D)
500 9 .11 8.15 4 .65 4 .15 6.47 5.78 3 .30 2.95
520 8 .71 7.78 4 .58 4 .09 6.19 5.52 3 .25 2 .91
540 8.36 7.46 4 .52 4 .04 5.93 5 .30 3 .21 2.87
560 8 .04 7.18 4 .46 3 .99 5 .71 5 .10 3.17 2.83
580 7.76 6.93 4 .41 3 .94 5 .51 4.92 3.13 2 .80
600 7.50 6 .70 4 .37 3 .90 5.33 4 .76 3 .10 2.77
620 7.27 6.49 4.33 3 .87 5.16 4 .61 3.07 2 .74
640 7.06 6 .31 4 .29 3 .83 5.01 4 .48 3 .05 2.72
660 6.87 6 .14 4 .26 3 .80 4 .88 4 .36 3 .02 2 .70
680 6 .70 5.98 4.22 3 .77 4 .76 4 .2 5 3 .00 2.68
700 6 .54 5.84 4 .19 3 .75 4 .6 4 4 .15 2.98 2.66
720 6.39 5 .71 4 .17 3 .72 4 .54 4 .06 2 .96 2 .6 4
740 6.26 5.59 4 .14 3 .70 4 .44 3 .97 2 .94 2.63
760 6 .14 5.48 4 .12 3 .68 4 .36 3 .89 2.93 2 .61
CV  V3 = 3158 cm \  =
-1  a1357 cm , 1 = 5. -40 2 33 x 10 g cm
b
•
CD4 : v3 = 2337 cm" 1» v4 = 1026 cm_1, I = 10.576 x lO - ^ g  cm2 .
3. bR eference  66 . R eference 59.
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s tr e t c h in g  mode, v , as important to the d i s s o c ia t i o n .  However, from
Table I I  i t  appears that th is  ch o ice  lowers the iso tope  r a t i o  R(H)/R(D)
by a th ir d .  A s im ila r  lowering is found i f  we re lax  our assumptions
about the t r a n s it io n  s t a t e ,  and a l low  i t  one degree o f  r o t a t i o n .  I t
should be noted that a l l  these estim ates have been made with v , the
s 7
12 -1v ib r a t io n a l  frequency o f  the p re c u rso r ,  s e t  a t  10 sec  , and with 
Tg a t  245 K. These parameters can be v a r ied  w id e ly ,  however, w ithout 
any s i g n i f i c a n t  e f f e c t .
When we con s id er  the d i s s o c ia t i o n  o f  CI10D0 instead  o f  CD. ,
A A q.
grea ter  care must be e x e rc is e d  in s p e c i fy in g  the nature o f  the
t r a n s i t io n  complex. The la r g e s t  value o f  R (I l) /R (D ), in the b est  i f
s t i l l  poor agreement with experim ent, is  obtained by assuming that
decom position  involves  the mode o f  methane as the c r i t i c a l  c o o r d in a te .
For CH2D2 i t  is th e re fo re  appropr ia te  to  s e l e c t  the asymmetric s t re tch in g
mode as the decom position  co o r d in a te .  In dideuteromethane the C-H
bond should be broken in p re feren ce  to C-D because o f  the g rea ter  zero
6 6poin t  energy o f  the form er. I f  we in s i s t  that in the t r a n s i t io n  
sta te  both H atoms o f  CH2D2 remain in touch with the c r y s t a l ,  then we 
obta in  the iso top e  r a t io s  in Table I I I ,  amounting to  9 .6  independent 
o f  temperature. These large r a t i o s  a r is e  p r im arily  from the s ix  
r e a c t io n  paths p o s s ib le  in CH^, compared with the s in g le  mode o f  
decom position  a v a i la b le  to  CH2D2 . There is a p o s s i b i l i t y  that re a c t io n  
cou ld  proceed with one H and one D atom in co n ta ct  with the c r y s t a l .
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TABLE I I I .  T ra n s it ion  State Estimates f o r  Chemisorption
o f  ch4 / ch2d2
Gas
Temperature
K
kc<CV /k c (CH2D2> R(CH4)/R(CH2D2)
CH.4
500 10.22 9.63
600 10.22 9.63
700 10.22 9.63
800 10.22 9.62
= 3158 cm  ^ , I  = 5.33 x 10 ^ g  cm^
CH2D2 : = 3157 cm-1 I I  = 6 .29 1n-40  210 g cm I 2 = 7.59 ln -40  210 g cm
= 9.18 x 10 cm^
£
Reference 66 .
k j .  Dowling, J r . ,  J. H. Wray, and A. G. M eis ter ,  J. Phys.
B2, 499 (1969)
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With th is  c o n f ig u r a t io n  the rate  r a t io s  would be reduced by a f a c t o r  
o f  4 .  However, an a l te r n a t iv e  ch o ic e  f o r  the decom position  c o o r d in a te ,  
such as instead  o f  v^ , would not a f f e c t  matters p e r c e p t ib ly .
I t  appears that t r a n s i t io n  s ta te  theory  is  hard pressed to account 
f o r  the high ra tes  found in experiments with CH^  compared to  those f o r  
CD^. A t 700 K the h igh est  estim ate from the th eory ,  5 .8 ,  compares w ith  
a value o f  10 or more derived  from experim ent. That, as a lready  n oted , 
is  l i k e l y  to  be a lower l im i t ,  the a c tu a l  value o f  the iso tope  r a t i o  
being  masked by the high background ra te  with CD^. For CH2D2 the 
s i t u a t i o n  is  le s s  c l e a r - c u t .  I f  four  re a c t io n  paths are a llow ed in the 
decom position  o f  CH2D2 , i t  is  p o s s ib le  to  br in g  experiment in to  
co in c id e n ce  with the t r a n s i t io n  s ta te  es t im a tes .  More q u a n t ita t iv e  
measurements f o r  the chem isorption  o f  CD  ^ are d e s ira b le  to e s t a b l i s h  
d e f i n i t i v e l y  the f a i lu r e  o f  t r a n s i t io n  s ta te  estim ates o f  the iso top e  
e f f e c t s .  However, given the data r ig h t  now, i t  appears that these 
con s id era t ion s  do not do ju s t i c e  to  the experim ental f a c t s .
A f a i lu r e  o f  abso lu te  rate  theory cou ld  have been a n t ic ip a te d ,  
however, from the f a c t  that t r a n s la t io n a l  energy is  not v i t a l l y  
involved  in overcoming the b a r r ie r  to  d i s s o c i a t i o n .  V ib ra t io n a l  e x c i t a ­
t io n  appears as the most l i k e ly  mechanism; f o r  th is  type o f  process  a
breakdown o f  the eq u ilib r iu m  hypothesis  underly ing  t r a n s i t io n  sta te
68theory has p re v io u s ly  been noted in gas phase r e a c t io n s .  In the next 
s e c t io n  we th e re fo re  con s id er  an a l te r n a t iv e  form ulation  fo r  the 
observed iso tope  e f f e c t s ,  and th e ir  im p lica tion s  f o r  the process  of 
chem isorp tion .
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D. D is s o c ia t io n  Dynamics
The apparent fa i lu r e  o f  t r a n s i t io n  s ta te  theory suggests the need
f o r  a more p re c is e  a n a ly s is  o f  the d i s s o c ia t io n  o f  methane a t  a s u r fa c e .
In view o f  the com plex ity  o f  the system we proceed by analogy . The
d i s s o c ia t i o n  o f  methane occurs from e x c i t e d  s p e c ie s ,  produced in a
m olecular beam oven, upon c o l l i s i o n  w ith  the rhodium in t e r fa c e .  We
have a lready  shown that t r a n s la t io n a l  or r o t a t i o n a l  motion p lays no
d i r e c t  r o le  in th is  decom posit ion . The surface  d i s s o c ia t io n  o f  methane
, . 69
th e re fo re  resembles a unim olecular re a c t io n  in the high pressure l im i t .
In our example, o f  cou rse ,  the en erg ized  m olecules are crea ted  in the 
m olecu lar beam sou rce ,  and these m olecules can d i s s o c ia t e  only when they 
have reached the rhodium s u r fa c e .
This view o f  things add nothing new, as long as we co n s id e r  rates 
in the framework o f  t r a n s i t io n  s ta te  theory . A more d e ta i le d  d e s c r ip t io n  
o f  m olecu lar decom position  has been o f f e r e d  by S l a t e r . ^  In h is  model, 
d i s s o c ia t i o n  occurs i f  the bond to be broken is  extended a c r i t i c a l  
d is tan ce  q beyond the normal by a random su p e rp o s it io n  o f  the v ib r a t io n a l  
amplitudes c h a r a c t e r i s t i c  o f  the m olecu le . With m olecu lar v ib r a t io n s  
tre a te d  in the harmonic approxim ation , S l a t e r 's  model leads to  a ra ther  
d i f f e r e n t  r e s u lt  than t r a n s i t io n  s ta te  theory . Inasmuch as energy 
exchange is  not a llow ed  between normal modes, m olecules must not on ly  
have enough energy to  dacompose--the normal modes a l s o  have to  be in 
the proper phase r e la t i o n  f o r  d i s s o c ia t i o n .
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This dynamical view o f  m olecular d i s s o c ia t io n  has been found
wanting in d is cu ss ion s  o f  unim olecular re a c t io n s  in  the gas phase.
Such re a c t io n s  g e n e ra l ly  occur a t  temperatures high compared to  the
c h a r a c t e r i s t i c  temperature o f  the m olecules in v o lv ed ,  and the anharmonicity
69o f  v ib r a t io n a l  modes thus insures adequate t ra n s fe r  o f  energy.
In decom position  a t  a s u r fa c e ,  however, the a c t iv a t i o n  energy is  low, 
and only  the lower v ib r a t io n a l  s t a t e s ,  f o r  which anharmonic c o r r e c t io n s  
are a l s o  low, are in v o lved . Under these co n d it io n s  S l a t e r 's  model 
has more a p r i o r i  j u s t i f i c a t i o n .
For our purposes the dynamical theory o f  m olecular decoraposi- >
t io n  has con s id erab le  appeal: i t  promises s i g n i f i c a n t  iso top e  e f f e c t s ,
prov ided  the v ib r a t io n a l  spacings o f  the molecule are large by comparison
w ith  kT. This is  q u a l i t a t iv e ly  obvious i f  we co n s id e r  an harmonic
o s c i l l a t o r  o f  frequency v in quantum sta te  n. The mean square
2displacement from the average p o s i t i o n ,  a , is  g iven  by 
2
a = (n + 1 /2 ) hv/K , where K is  the fo r c e  constant f o r  the o s c i l l a t o r .
I f  the mass of the o s c i l l a t i n g  p a r t i c l e  is  in creased , v is  decreased , 
and the mean square displacement decreases as w e l l .  The only  way to  
a ch ieve  the same displacem ent as f o r  the sm aller mass is  t o  put the 
o s c i l l a t o r  in a h igher quantum s t a t e .  This req u ires  an ap p rec ia b le  
increase  in energy (on the s ca le  o f  kT) and w i l l  th ere fo re  m anifest 
i t s e l f  as a sharp decrease in the ra te  o f  d i s s o c ia t i o n  f o r  the heavier 
i s o t o p e .
The rate  a t  which a m olecule a ch ieves  the c r i t i c a l  value q o f  the
70breaking coord in ate  has been given q u a n t i ta t iv e ly  in  the form
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k = v exp CT
2ttct *
( 12)
Here cr is  the r o o t  mean square value o f  the v e l o c i t y  in the breaking 
c o o r d in a te .  The p re -e x p o n e n t ia l  term has the s ig n i f i c a n c e  o f  a mean 
frequency ly in g  between the sm a lles t  and the la rg e s t  normal frequ en c ies  
o f  the m olecu le ; th is  mean changes s low ly  w ith  temperature.
I t  is  important to  recogn ize  that Eq. (12) corresponds to  the 
ra te  constant f o r  d i s s o c ia t io n  i f  reaching the c r i t i c a l  ex ten s ion  is  
the only  s i g n i f i c a n t  requirement f o r  s u cc e s s .  For re a c t io n s  occu rr in g  
at a su r face  there may be a d d it io n a l  requirem ents. I t  may, f o r  example, 
be n ecessary  to  l im it  the r o t a t i o n a l  freedom o f  the m olecule a t  the 
su r face  in order f o r  d i s s o c ia t i o n  to  be p o s s ib le .  As such, the 
constant k corresponds to  the rate  constant f o r  con vers ion  from a 
precu rsor  s t a t e ,  kc , d iscu ssed  in the prev ious s e c t i o n ,  provided  both 
p recu rsor  and t r a n s i t io n  s ta te  have the same t r a n s la t io n a l  and 
r o t a t i o n a l  m otion.
The r e la t iv e  ra tes  o f  d i s s o c ia t i o n  o f  CH, and CD. can now be
mode o f  the m olecu les .  A num erical estim ate o f  the e f f e c t s  o f
s u b s t i tu t in g  deuteromethane f o r  the normal m olecule now requ ires
2knowledge o f  the mean square amplitude cr in the breaking co o r d in a te .
'4 4
w r it te n
(13)
We approximate v by the s p e c t r o s c o p ic  frequency  o f  the bending
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We con s id er  m olecular d i s s o c ia t io n  through an unusual ex ten sion  
o f  e i th e r  the carbon-hydrogen or the hydrogen-hydrogen d is tan ce  in 
methane. The r e q u is i t e  amplitudes have been c a lc u la te d  as a fu n c­
t io n  o f  temperature in Appendix C and are p lo t t e d  in F ig .  14. I t  is  
apparent that in the range o f  gas temperatures f o r  which s i g n i f i c a n t
re a c t io n  was found in experiments w ith  CH,, the mean square amplitude
4
o f  the carbon-hydrogen d istan ce  does not change p e r c e p t ib ly .  The 
ch o ice  o f  th is  bond ex ten sion  as the c r i t i c a l  coord in a te  would 
th e re fo re  lead to  a rate  independent o f  temperature, con trary  to 
the r e s u lt s  o f our experim ents. This mode is  th e re fo re  e l im in ated  from 
fu r th e r  c o n s id e r a t io n .  I t  is  o f  in t e r e s t ,  however, that only :nr the 
carbon-hydrogen s t r e t c h in g  mode as the re a c t io n  coord in ate  d id  tran s ­
i t i o n  s ta te  theory lead to  iso top e  e f f e c t s  a t  a l l  comparable to  the 
experim ents.
With the c o r r e c t  ch o ice  o f  the bond to  be broken, Eq. (12) 
should g ive  a reasonable account o f  the measured rate  o f  chem isorp tion . 
This is  indeed the ca se ,  as seen from F ig .  15, where data f o r  the rate  
o f  d i s s o c ia t io n  (from F ig .  11) have been r e p lo t t e d  a ga in st  the inverse  
o f  the mean square amplitude f o r  the H-H bond a t  the temperature o f  the 
experim ents. Quite a s a t i s f a c t o r y  f i t  is  ob ta ined . The s lop e  o f  the 
p l o t ,  determined by a standard le a s t  squares procedure , y ie ld s  a
c r i t i c a l  bond ex ten sion  q o f  1.01 + .05 A. This i s  to  be compared to
° 72a normal H-H d istan ce  o f  1.78 A in CH,. We can now use th is4
in form ation  to evaluate  the rate  o f  decom position  f o r  CH^  compared to
-  54 -
F ig .  14. Mean square displacem ents o f  bond d is tan ces  in CH  ^ and CD  ^
as a fu n c t io n  o f  temperature.
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[<r2 (H -H )]-1 (A '2)
F ig .  15. Rate o f  chem isorption  o f  CH  ^ on rhodium as a fu n c t ion  o f  
the mean square displacem ent o f  the H-H d is ta n ce .  Rate 
data from F ig .  11. Slope y ie ld s  q2 = 1.014 + .094.
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that o f  CD^, and a t  700 K f in d  k (H )/k(D) w l  x 10 . T h is ,  o f  cou rse ,
is  c o n s id e ra b ly  h igher than the experim ental es t im ate ;  th a t ,  i t  must
be remembered, was only a lower l im it .
For the decom position  o f  CH2D2 at a su r face  the s i tu a t io n  is  more
com p lica ted , and we have not made q u a n t ita t iv e  comparisons with the
behavior o f  CH^. In CH2D2 there are 4 H-D bonds, 1 D-D and 1 H-H bond.
The r o o t  mean square amplitude o f  these bonds has been estim ated by
C y v in ,71 both at 0 K and 300 K. These values are shown, togeth er  with
the comparable q u a n t i t i t e s  f o r  CH^  and CD^, in Table IV. I t  is  c le a r
that in CH2D2 the mean square amplitude o f  the H-D displacements is
sm aller  than f o r  H-H, but somewhat la rg er  than f o r  D-D. Furthermore,
the H-H and D-D amplitudes are in good a ccord  w ith  the values fo r  CH,
4
and CD^. These comparisons should remain v a l id  at h igher temperatures
as w e l l ,  and we th ere fore  expect  the H-H s t r e t c h in g ,  with i t s  high
am plitude , w i l l  be the dominant mode in decom posit ion . The decom position
o f  CH^  should th ere fore  d i f f e r  from that o f  CH2D2 only in the number o f
paths open to  the r e a c t i o n - - s i x  in CH^  compared to  one in C H ^ .
We expect methane to decompose s ix  times as r a p id ly .  I f  we keep
in  mind the f a c t  that we are estim ating  on ly  k , and that in
Tables I I  and I I I  the iso top e  r a t i o  f o r  the o v e r a l l  r a te ,  k /k  , has
c e *
been found somewhat sm aller than fo r  k , the p re d ic te d  rate f o r  CH Dc 2 2
is  reason ab le .
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TABLE- IV. RMS Amplitudes fo r  CH. ,  CH 4 2D2 , and CD4 (Cyvina ;).
Gas Temper- C-H C-D H-H H-D D-D
ature K
angstroms
CH.4 0 .07750 .12450
298 .07750 .12458
ch2d2 0 .07750 .06643 .12447 .11554 .10497
298 .07750 .06643 .12456 .11573 .10538
CD.4 0 .06643 .10496
298 .06643 .10538
aReference 71.
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IV. CONCLUSION
A q u a n t ita t iv e  account o f  the d i s s o c ia t io n  o f  methane a t  a surface  
is s t i l l  beyond our reach . However, some important fa c t s  do emerge 
u n eq u ivoca lly  from the present work.
E x c ita t io n  o f  the gas alone is  s u f f i c i e n t  to  bring  about r e a c t io n  
with the su r fa c e .  The b a r r ie r  which has to  be overcome in th is  s te p ,  
amounting to  7 kca l mole , is  small enough to ru le  out e l e c t r o n i c  
e f f e c t s  in the gas as important to  the r e a c t io n .  The f a c t  that r e a c t io n  
proceeds on the c o ld  s o l i d  a l s o  suggests  that e l e c t r o n i c  e x c i t a t i o n  
in the s o l i d  is  not l im it in g .
In analyzing  the degrees o f  freedom o f  the methane molecule 
that are involved  in the d i s s o c ia t io n  even t ,  the e f f e c t s  o f  i s o t o p i c  
s u b s t i tu t io n  upon the rate are e s p e c i a l l y  in t e r e s t in g .  The e f f i c i e n c y  
o f  d i s s o c ia t io n  per impact o f  CH^  compared to  that o f  CD  ^ immediately 
revea ls  that t r a n s la t io n a l  motion o f the m olecule is  not a s i g n i f i c a n t  
f a c t o r  in surmounting the a c t iv a t i o n  b a r r ie r .  R o ta t io n a l  motion can 
a l s o  be r e j e c t e d .  The height o f  the b a r r ie r  is  many times the r o t a t i o n a l  
spacin g , and r o ta t io n  cannot account f o r  the is o to p e  e f f e c t s  a c tu a l ly  
observed . This leaves only  v ib r a t io n  as the degree o f  freedom e f f e c t i v e  
in  d i s s o c ia t io n  a t  the s u r fa c e .
At present only a rough in d ic a t io n  is  a v a i la b le  o f  the r e la t iv e  
rates  f o r  d i f f e r e n t l y  deuterated  methanes. However, these ra tes  appear 
to  l i e  outside  the p re d ic t io n s  o f  t r a n s i t io n  s ta te  theory . This might 
have been a n t ic ip a te d  f o r  a process  depending upon v ib r a t io n a l  motion 
to  overcome the a c t iv a t i o n  b a r r ie r .  The unexpectedly  low r e a c t i v i t y  o f 
CD  ^ compared to  CH^  can be understood in terms o f  S l a t e r 's  dynamical model.
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In t h i s ,  r e a c t io n  is  assumed to  occur by exten s ion  o f  one o f  the bonds 
in the methane m olecules through random su p e rp o s it io n  o f  normal 
v ib r a t io n s .  Q uantita tive  measurements with d i f f e r e n t  iso to p e s  o f  
methane w i l l  c e r t a in ly  be d e s ira b le  in order to  e s ta b l i s h  the general 
a p p l i c a b i l i t y  o f  th is  model.
Even from the l im ite d  data i t  is  c l e a r ,  however, that the b a r r ie r  
to  d i s s o c ia t io n  o f  the molecule l i e s  in the e x i t  v a l le y  o f  the p o te n t ia l  
s u r fa c e .  The lo c a t io n  and h e igh t  o f  th is  b a r r ie r  w i l l  o f  course be 
dependent upon the p ro p e r t ie s  o f  the s o l i d ;  as such we can expect  
d i f fe r e n c e s  in r e a c t i v i t y  a t  d i f f e r e n t  surface  s i t e s  o f  the same m a ter ia l ,  
and on d i f f e r e n t  m eta ls .  Perhaps the most important f in d in g  o f  th is  
study is  the q u a l i t a t iv e  r e a l i z a t i o n  that c o n t r o l  over the gas alone 
s u f f i c e s  to  br in g  about re a c t io n  a t  the s u r fa c e .  This o f f e r s  the hope 
o f  ev en tu a lly  guiding surface  re a c t io n s  o f  more com plicated  m olecules 
by appropr ia te  e x c i t a t i o n  o f  the gas.
We owe a p a r t i c u la r  debt to  the Glassblowing Shop o f  th is  Laboratory f o r  
e n th u s ia s t ic  he lp  in  the design  and c o n s tr u c t io n  o f  our m olecular beam system.
APPENDIX A: WORK FUNCTION CHANGES FROM FIELD EMESSION MEASUREMENTS
For a f r e e  e le c t r o n  metal a t  high f i e l d s ,  the e l e c t r o n  current ( in
31amperes) is  given by the Fowler-Nordheim r e la t io n
ACKNOWLEDGEMENT
-6 3 /2
(A l)
«2Here A is  the em itt in g  area in A , 0 the work fu n c t io n  in eV, and F the
o
f i e l d  a t  the s u r fa c e ,  in V/A; t ( y )  and v (y )  are s low ly  varying fu n c t ion s
o f  y = 3 .795 F 2/0 . The f i e l d ,  although not d i r e c t l y  a c c e s s ib le  to
measurement, is  r e la te d  to the a p p lied  vo ltag e  by F = |3V. The slope
2
nipN o f  a p l o t  o f  log  i /V  against: 1/V (a Fowler-Nordheim p lo t )  , y ie ld s
the work fu n ct ion  through the r e la t i o n
3 /2mFN = - .6830 p s ( y ) ,  (A2)
where s (y )  is  yet another tabulated  e l l i p t i c  fu n c t io n .  However, i t  
a l s o  fo l lo w s  from the Fowler-Nordheim r e l a t i o n ,  that i f  changes in the 
p re -e x p o n e n t ia l  and in the fu n c t ion  v (y ) are n e g l i g i b l e ,  then
(d In i ) v -  KQd0
T7 _ 3 0.6830 2 , \
K0 = -  2 ~ p v  v ( y ) -
(A3)
For small changes in the work fu n c t ion  we can w rite
2
<t>h = <i0%(l + 6)  ^ - 0Q ( 1 +| - Y  + . . . ) ,
where 0  ^ i s  the value c h a r a c t e r i s t i c  o f  the c lea n  su rface  and 6 is  ju s t  
A0 / 0 0 . Provided 6 amounts to  less  than .05 , in Eq. (A3) remains 
e s s e n t ia l l y  con sta n t .  Under these c o n d it io n s  the logarithm  o f  the 
e le c t r o n  current a t  constant v o lta g e ,  as der ived  from Eq. ( A l ) ,  w i l l  
in crease  l in e a r ly  with 0 to  w ith in  1% or b e t t e r ,  and can serve as an
in d ic a to r  o f  work fu n c t io n  changes.
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AJrEND IX B; FLOW FROM A MULTICHANNEL SOURCE 
In the l im it  o f  f r e e  m olecular f lo w ,  where the mean f r e e  path A is
much la rg er  than e i th e r  the diameter d or the length L o f  a s in g le
c a p i l l a r y ,  the peak in te n s i ty  f o r  a s in g le  c a p i l l a r y  ( in  m olecules
-1  -1 N . 34sr  sec ) is
1(0) nocd16 (Bl)
Here n^ is  the m olecular d en sity  a t  the high pressure end and c  the 
average speed in  a Maxwellian d i s t r ib u t i o n .
The angular dependence in th is  l im it  has been given  by Ivanov
73and T r o i t s k i i .  The peak in te n s i ty  must be m u lt ip l ie d  by a fa c t o r  
D(9) to  g ive  the f lu x  o f gas a t  an angle 0 to  the forward d i r e c t io n .  
This f a c t o r  assumes the forms
D(G) = cos0 {  1 -
T7
U - 0.6  £ V12
V'
20 J7j:1 e ^ e
D(6) = cose ( o . 6 |  + ^ ( i  -  0.6 ¿ ) i }  e > e 0
(B2)
L -1
where V = ~  tan0 and 0 Q = tan (d /L )  .
I t  should be noted that estim ates o f  the angular dependence have a l s o
34been made by Giordmaine and Wang: these , however, do not f a l l  mono-
t o n i c a l l y  with in creas in g  angle as expected .
-  62 -
For v iscou s  f lo w ,  that is  when L »  A »  d, the in te n s i ty  has been
74approximated by Giordmaine and Wang as
1 (9 )  = V
2 V c o s3G - 2 1 ,0
tt3L
2 £ i l
4a
J J* exp (-y^ )dydz ; (B3)
Tlz
0 0
a is  the m olecular diameter and T] is  de fin ed  by
2rra n
r, --- -JL- (
11 " tan0 1
0 ' ^
) .
J l  L cos0
This r e s u lt s  in an in te n s i ty  that crosses  the curve f o r  fr e e  m olecular 
f low  a t  an unreasonably small value o f  A /L(< 0 .2 ) .  A purely  ad hoc 
d iv i s i o n  o f  1 (0 ) f o r  v iscous flow  by a f a c t o r  o f  two has been used to  
move the c r o s s in g  p o in t  to A ^  L. With these r e la t io n s  the throughput, 
as w e l l  as the f lu x  a t  a t ip  7 centim eters from the source (the d is tan ce  
a ppropr ia te  to  our system) has been estim ated . This has been done by 
d i r e c t  summation, on a computer, o f  c o n tr ib u t io n s  from co n c e n tr ic  r ings 
o f  c a p i l l a r i e s  in the a rra y . By varying the source  d iam eter, L /d r a t i o ,  and 
pressure we a r r iv e  a t  the optimal c o n f ig u r a t io n  in  S ect ion  I .C .2 ,
APPENDIX C: MEAN SQUARE VIBRATIONAL AMPLITUDES
M olecular amplitudes are a c c e s s ib le  through the mean square amplitude 
matrix £ de fin ed  by
E -  ( 1 s t ) ,  (C l)
where S is  a complete se t  o f  c o o r d in a te s ,  g e n e ra l ly  chosen to  r e f l e c t
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m olecu lar symmetry, and the brackets  in d ica te  averaging over an equ ilib r iu m
system. Convenient symmetry coord in a tes  f o r  methane have been descr ibed
75 76 ^by Cyvin. * Two secu la r  equations r e la t e  the E matrix to  e x p e r i ­
mentally  a c c e s s ib le  parameters. The f i r s t  e s ta b l is h e s  the connection  
~ — 1
with G , the in verse  o f  the k in e t i c  energy matrix, and has the form
|E G" 1 -  Eó I = 0 . (C2)
E is  the un it  m atrix ; 6 , the mean square amplitude f o r  the normal
2
coord in a te  o f  frequency v^ , is  g iven  by 6  ^ = h / 8rr v^ )coth (hv^ /2kT ) .
The second secu la r  equ ation ,
|£ F - ËeJ = o , (C3)
66involves  F, the matrix o f  fo r c e  co n s ta n ts ,  as w e l l  as the average 
energy £ ^ o f  an o s c i l l a t o r  o f  frequency  a t  temperature T,
£ .  = X .6 . = (hv , /2 ) c o th (h v  . /2kT) , X. -  4tt^ v . 2 .l  l i  v i  i  ’  i  l
Expanding the se cu la r  equation  leads to the fo l lo w in g  four r e la t i o n s :
V*
71
V  V  -1 V  -1
) 6 . = > S . .G .  + 2 / E . .G ..JJ JJ jk  jk
i  j
(C4)
E. .F . . 
JJ JJ
+ 2
j<  k
L sjkFjk
(C5)
(C6)
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n £. = IF| .|s| . (C7)
i
Of th ese ,  the equations f o r  the products  o f  6 ^ and are not independent 
they are connected through the product ru le
n x. = |g |.|f | . (C8)
For methane, a te tra h ed ra l  XY^ m olecu le ,  there is  one sp ec ies  o f  
symmetry A^, one doubly degenerate mode E, and two t r i p l y  degenerate 
F0 v ib r a t io n s .  Equations (C4) - (C7) thus reduce t o 77
5 1 ^ l l ^ y 1 (C9)
, -1
2 3 2"22t y (CIO)
63 + 64 = |  {S33( 8 ^  + 3u ) + \  S 44( ^ x + 3py) + 8S34^ } ( V x + ^ / V
-1  -1
y
6 36 4 2 ®33^44 ’  ?,34’> + ^  ^y (C12)
S  + &4 = F33E33 + F44S44 + 2F34S 34 (C13)
u is  the r e c ip r o c a l  mass o f  atom Y, p the corresponding q u an tity  f o r
y x
atom X. We i n i t i a l l y  assume ^ 34 ~  0 to  so lve  Eqs. (C l l )  and (C12) f o r  
and Z 4 4 ; i t e r a t i o n  then y ie ld s  a l l  the elements o f  the £ m atrix .
The q u a n t it i t e s  o f  in t e r e s t  f o r  rate  estim ates are the mean square 
amplitudes o f  the X-Y and Y-Y bond , 7^’ 77
(C l l )
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a 2 (X-Y) = |  (S 1X + 3 2 33) (C14)
a 2 (Y-Y) = |  ( 2 S U  + \  t ,12 + 2 ^ 3 3  + \  + 2 E 34>. (C15)
These have been c a lc u la te d  f o r  temperatures from 0 K to  900 K using
harmonic frequ en c ies  and fo r c e  con sta n ts ,  and are p lo t t e d  in F ig .  14.
76A comparison o f  our values w ith  those p re v io u s ly  estim ated by Cyvin
a t  0 and 298 K, shown in Table V, in d ica tes  agreement to  b e t te r  than
17o. I t  should be noted that both sets  are in good a ccord  with amplitudes
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derived  from e le c t r o n  d i f f r a c t i o n  s tu d ie s .
°2 NTABLE V. C a lcu la ted  Mean Square Amplitudes (A ) f o r  Methane (XY^)
Temperature
K.
CH4
This work Cyvina
CD4
aThis work Cyvin
a 2 (X-Y) 0 .00575 .005763 .00423 .004235
298 .00575 .005763 .00423 .004235
a ^(Y-Y) 0 .01504 .014925 .01074 .010606
298 .01506 .014941 .01082 .010680
Reference 76.
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